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S FC TI O N  i

IN ’ 1’R ODuc l ’lor \ ~

[he Adva n L . d  L e t e r a l  F x p e  r ime  ot a l  Co~~ij ’ i tc  r was  des i gne d and
t a b r  ; i t ~~~c to pr~~ Ole a n o a n s  b r  i n — f 1 i i ~ht e v a lua t ion  and s t u d y of ad v a n c e d
l a t e  r :l  a xi s  c at m l  to ~ nicj a’ s d u r i ng  L I ~ l ina  I ap~~roa ch and lax ;ci i ng phases
of ! I L L L t .  I’ a i ~ w or k  was  ;i c c o mp l i s l . d as  par t  of a c ; t n a i r g  r e s e a r ch  and
de ‘c  lepa .’ nt e l l u r t  in the  gene ral a rea  of l o w —  v i s i b i l i t y  a p p r o a ch  and land-
ing ,  u n i t  r t h e  s p o n s o r sh ip  of the LTSA F F i i ~ j t  L) y n t m i c s  Labo ra to ry
( A  F ’i DL) , W r i gh t -  P at t e r s o n  A i r  Fu r u c  Base , Ohio.

C’ x e r i m e  ot a l  compute ’  i w a s  des ign c  ‘1 b o l l u w i n g  com pute r
‘dv a fl(~ an~& i ~~’- i s  e l t i r t s  in th e  a rea s  of ILS icc  ~ize r  ap p r o a c h , r u n w ay

a l i~~~i m e nt , and ro i l  c d  ~ u id ax i c e . i } i ~ w or k  c.~ uJ P ba ’  de v e l o p m ent  of
a n  inc r t ia l i y s tab i i i1 ;cd  I i~S loca l ize  r C O O l  ~gu r o t i o n ;  :i r u n w a y  a l i gn m e nt

n t , ~~’i r a t~ az ~ tha t  a i .~u e m p l oy s  L ! t . r L ;il t e c h  aes  and  uses  a i u r w a r d
s ioe  — s l i j  c o n t r o l  t e c h n o~~~’ ; an d  a co n l i g u r : t i on  to p rov ide  ii ; i eans  I cr
ro l l  ( ‘at  ~u i d a n e , 1o l 1uv . i I i ~ t o u c h d o w n .  The r e s u l t s  of t h i s  anal ys i s  w o r k
and  th e  i nit i a l  e xp e  r u n - i i t ; t l  compute r i m p le m e n t a t i o n  a r e  shown in Tech-
n ica l  R e p o r t  A F F D L -  FR - 7 1- 9 7 , E xp e r i m e ntal  L a t e r a l  Landing Compute r
w i t h  I n er t i a l  S t a b i l i z a t i o n , Octone r 197 1 .

Dur~ t i i ~ the  t im e  p e r io d  s i n c e  t ha t  r ep or t  wa s  pub l i shed , f l i g ht
to St it vi ’ l o p r n e  ot of t h e  e ~~ .‘ r i r nen t a l  ~ ‘ roa  ch c o a t  i~~~’ i r at i o n s  has  been
a c c o r np i i sh t ’d  on a K C — 1 3 5  t e s t  a i r c r a f t  a t  A n d re w s  A i r  Fo rce  i L s o ,
M a r y land . A s  a r e s u l t  of t h i s  f l i~~l~t t e s t  o rk  and c on t i n u i n g  compute r
ana ly s i s  w o r k , the  p r i  sen t  compute r moda l conf i gu r at i o n s  d i f f e r in some
r e s p e c t s  f r o m  t i c  c o n f i ~~ i ra t i o ns  cli’ s c ri b e d  ii A V1 DL~~TR — 7 1  — 9 7 .  An-
othe r f a c t o r  tha t  has  i r i t l u e n c e d  the ’ p r e s e n t  c o m p u ter  c o n f ig u r a t i o n  was
the a d d i t i o n  of a ma n ua l control  capab i l i t y  d u r i ng  t h i s  p e r i o d .

~ i ; t i  is r ep o r t , t h e  pre s e n t  m )dal c o n f i g u r a t i o n s  are defined
and  des~~r ~~i d  at a i ’ l I c t iun a l b lock  d i agr a m  le ve l . D i s c u s s i o n s  a re  in-
c luded  tha t  d e s c r i l e  sy s t e m c ha n g e s  r e s a lt i n g  f r o m  f l i g ht  t e s t  de velop-
me nt , c u r b  i~~’ r ; t~on I mp  ‘;e  me nt s , p r o b l e m s  e n c o u n t e  red d u r i ng  f l i g ht
t e s t , and it i i  r i  i r of o t h e  r fa c t o r s  t h a t  i n f l u e n c e d  the f ina l :onfi gu ra  —

t i on s .  P er f o r man i c s u m m a ri e s and d i s c us si on s  a r e  i nc l u d e d to i l ius  -
t r a t e  oVe ra i l  ~ie n o r  i a  m e ’  le ‘cels in c; ci a r e a .

e t i u r i  Z in c lud e ’ s d i s c u s  sb us t ha t  do s c r i t ~~’ the ove r a I l
i. ie ral axis control system. M a ny  of the a r e a ~ cove r e d  b o r e  a r .  e s s i - n —
toe I l y p i l o t  or  a nte ’ d , r . l a t ir i g  to a c tua l  t e c h n i qu e s a n d  c t  pabi lit ies  in s t a l  —

led in t i e  K ( , — 135 t e st  a ir  r a f t .  In this  Sc t im , d i scu s s i o n s  a re  include d
t h a t  d e scr i b e  o’.’e r a i l  sys te m conf i g u r a t i o n s  u s e d  d u r i ng  a p p r o a c h , methods



used f u r  c o n fi g u r a t i o n  sele ct ion , and th e  ,.~~‘nc m l  I’ \ pt ’  r i r n . ’nta l U r ip e t i ’  n
i n t e r l ace  on the  t e s t  a i r c r a f t . Othie r i t t ’r r s ccv i ’  r i O  h~ re i n c l u d e  a semi —
t e e n  my of the  expe r i m e  ntal  compute r moda l seque  in e and  mode i’ ng;i ge

points , a desc r i p t i o n  of cock pit  modal a n n un c i a t i o n , and it d e s c r i p t ion  of
the cock p it Ins t r u m e ntat ion used for  comma nd d i sp lay pu rposes .

A f u nc t i o n a l d e s c r i pt ion of the c u r re n t  Fon~~e W h e e l  SLot -  r i ng
co r 1 t l ~z i i r a t i o n  is a l so  include d s ince the f o r c e  w i i ’ t ’ l  conf ig ur a t i o n s  ar e
u s e d  in on j u n c t i o n  w i t h  each  of the e x p e r i m e n t a l c :n n f i g u r a t i r - ’- .

S e c t i o n s  3 , 4 , and 5 pe r t a in  to t h e  opera t iona l modal  con f i gu-
r a t i o n s .  In t h e s e  s ec t io n s  the e xp e r i m e n t al  local ize r , r u n w a y  al i gnme nt ,
and roll out g u i d a n c e  modal  c o n fig u r a t i o n s  a r e  d i s c u s s e d  seque nt iall y .

sr ct ions e a c h  beg in ‘, y i t b i  a ~~e ne r a l  d is  0u 5 5  101 t h a t  dc —

so r i L  s t i e  mode ope r a t i o n a l ly to p rov ide  o n e  nt ,  i f o r  the  f u nc t i o n a l
des o r ip t i on s  t ha t  fol low .

F u i l o v~ l ug  the g en er a l  d i s c i i s s i , r i , t h e  c u r r en t  r r d ; t [ c o n l i g u —
r a t i o n s  a r e  de f ined  t h r o ug h use of f u n c t i o n a l ~ io~~k ij ; g r ; t  u s .  Ii ea c h
case • sop ;t  r a te  d i ag r a m s  ar e  inc lude d i c r  t I c ’  a u t o m a t i c  a nO ma nua l con-
t r o l  conf i g u r a t i o n s . D i s c u s s i o n s  in  t h i s  a r i o  r e F i t , - to t h e se  d i a g r a m s .

The re mnainde r of the  se~’ se e t i u r s a r . ’ do . . ,t e d to d i s c u ss  i o n s
p e r t a i n i n g  to op t i m iz a t i on  a n d  do ve l  a t t n  nt  of the 0 xci r i r n e n t a l  conf i gu-
r a t i o n s  and f l i g ht  t e s t  r e s u l t s .  i 1 i  ~ l i s c us s i o n s  s l a n t ;  r i / c ’  p r o b l e m s
e ncc,un te  red d u r i ng  the fl i g ht  t e s t  and de v c ’ l o p n i e ’r t  p i l ;  so a n d  the  solut ions
to these p r ob l e m s .

Fli g ht t e s t  r e su l t s  a rc  dis c u s s e d  i n t O  i l i est : ’ , i t e d t l 1 r o i i ~~h a
c u r r i n i n a t i o n  of  f l i g ht r e c o r d i ng s  and s t~~t i s t i c a  I t i  c h n i q u~’ s. i ) u r i n g  t h e
l oc al i z e r  :t p tu re  phase , ac tua l  f l i g ht r e c o r d i ng s  t b ; t  r e~ le ’c t  the v a r i e ty
cl condit t ons  encountered are included . During the  lo~ l e i i / e r t r a c k , run-
way  a l i g n m e nt and  roil-out  plea se s , s y s t e m p e r f o r r i e ; e c0 Ic ~els  ar e  shown
t h r ou g h use of t r e q u en c y  d i s t r i b u t i o n s  of key pe r i o r i r ; r o e  p a r a m e t e r s .
I ’h ose [a r t s  r e f l e c t  a v e r ag e  syste m p er f o r m a n c e  ove r ap p r o x i m a t e ly 40
appre ” che s.
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s i :  (i ’I ’ION ~

O V E R A L L  SYST1~ M DE S CR I PTION

2 . 1 L A N D I N G A P P R OA CH CONFIGURA ’i ’IONb

2 , 1. 1 Gene ra l  D i s c u s s i o n

The A d v a n c e d  La te ra l  E x p e r i m enta l C o c n ; ’ t t o  r c :an co se l ec t ed
fo r use during fina l app roa ch in con junc t ion  w i t h  e ithe r of the two automa-
t i c  f l i ght  con t ro l  s y s t e m c o n f i g u r a t i o n s  pr esc ’ ntl y in u s e  on t h e  K C —  135 t e s t
a i r c r a f t .  The g e n e r a l  l l i g ht  c o n t ro l  ‘y s t e  ii c o n f i g u rat i o n  u s e s  the  A LEC
to provide l a t e r a l  ax i s  con t ro l  d isp lay f u n c t i o n s , wh i le  i it ch  ax i s  c ont r o l  is
a r  comp l ished  t h r o u g h use of t i the r the  au top ilot s . ’ so ’m or the e x p e r i m e n t a l
Fli ght Director/A utopilot Coupled conl i~~u r ; t ion . In e i the r case , the ALE C
provide s all of the l a t e r al  ax i s  c o n t ro l 1 d isp lay  f u n c t i o n s  f r o m  the l o ca l i z e r
cap ture  point unt i l  comple t ion  of the l and ing .

l ’i ;e ’ A lJ’ C r a n  a l so  be sele c te-’d f o r  iso in a manua l ( d i s p lay onl y )
mode of ope ra t i on .  In the manua l  conf ig u r a t i o n , s y s t e m  ope ra t i on  is ana l-
ogous to conve ntiona l f l i g ht d i re  ctor s y s t e m  o ;x’ r a t io n , wiic re ‘tee  r i n g  corn-
rnands a r e  p r e sen te d on cockp it d isp lays , whi le  s u r f ac e  cont ro  i n p u t s  a re
made m a n ua l l y b y t i e’ p ilot t h r o u g h con t ro l  w h e e l  move me nt. In the ma nua l
A L E C confi g u r a ti o n , s t e e r i n g  co m m ands  a r e  ge ne ra t e d and d i s p laye d fo r
p ilot re fe re nov ; [m v, I’ ‘.5’ r , in thi s  case , pilot inputs ar e  made w ith ti e’ auto-
pilot sys te m engaged  t h ro ug h use of the 3-axis  For ’~ e’ Whe el Steering Con-

fi gurat io n w h i c h  is a v a i l a b l e  on the t e s t  a ir c r a f t .

2. 1 . 2 Approach Corthguration Sel e ct i o n

Pr io r  to an automat ic  A LEC app roach , the- d e s i r e d  sys t e m con-
fi g u r a t i o n  is se lec te d t h r o ug h use of so lenoid  he ld  Coupler A r m ’ and
“A LE C A r m ” switches which are locate d on the cock pit o v e r h e a d  con t ro l
pane ls. The’ manua l ALE C conf iguration is selected throug h operat ion of
a DPDT test swi tch which  is locate d in the  a i r c r a f t ~ s J -box  a r e a .

l ’he t ’ se  sw i t ches  a r e  aU . n o r m a l l y ope ra t ed  wi th  the a u t o m a t i c
f l i g ht c o n t r o l  sys te m d i sengaged  to avoid s w i t c h i n g  transients. As a safety

provis ion, i n t e r locks  ar e  provide d tha t  a u t o m a t i c a l ly d i s c o n n e c t  the f l i ght
control  sys te m if ei the r of the sole noid he ld swi tche s in the cockpit are
inadve rte ntl y opera ted  with  the f l i ght  con t ro l  sy s te m en g a g ed . The follow-
ing paragraphs summarize the ALE C syste m selection procedure .

Pr io r  to a r  ALE C approach , the ALE C A r m  s w i t c h  is opera ted
with  th e ’ f l i g ht con t ro l  sys te m d i sengaged .  W h e r e  t in , s s w i t c h  is operated ,
the A L E C s y s t e m  control  si g n al  pa ths  are activated in preparation for use
of the compute r d ur ing the  fina l approach  phase .  A s  an  additiona l sa fe ty

3



~t ’ ; t t u r e ’ , the A L E C A r n i e  s w i t c h  coil ( sole no id)  is inte r l o c k e d  to en s u re  t h a t
the A L E C compute r is read y fo r  u s e .  Whe n b a s i c  sy s t e m in te r locks  are ’  not
s a t i s f i e d , the sole noid he ld a r m  s w i t c h  wi l l  not r e ma i n  e n g a g e d .

The p i t c h  ax i s  conf i g ur a t i o n  to be used  d u r i ng  t h e  m t p p r o a  it  is so -

lec ted  t h r o u g h use ot  the solenoid held Coup ler A r m  switch . This switch ,
w h i c h  IS , ho , ope ra te d w i t h  the au tomnat ic  f l i g ht con t ro l  s y s t e m  d i s e ng a g e d ,
s e l e c t s  , i e  e x p e r i m e nta l  Fli g ht D i r e c t  or/A utop ilot  Goup led sys te ’  nfl con f ig-
u n a t i on .  Whet ’, in the no r ma l posi tion , the ba s i c  a u t o p i l o t  syst e m conf igu-
r a t I o n  is a u t o m a t i c a l ly s e l ec t ed .  The Couple r A r m  s w i t c h  sole noid is also
inte r locke d , f o r  s a f e t y  pu rposes , to e n s u r e  tha t  ba s i c  Fl ig ht D i r e c t o r
Coupl e r  Sy s t e m i n t e r l o c k s  a r e  s a t i s f i e d .

)rece t i e ’  ALE C has been s el ec t e d , t i e r ’  t l i g ht  con t ro l  s y s t e m is
t h e n  en ~ m r g e ’ d  and a r m e d fo r  f i n a l  ap p r o a c h ;  A ppr u e c i m  mode a r m i n g  is ac-
compli s h e d  t h r o u g h use  of e i the r the  ‘eu t o p i l ot  s’~ ste m m ode con t ro l  pa ne l
or t i le f l i g ht  director sys te m mode c o n t r o l  pane l , do p e n d i n g  upon w h i c h
sys t e m has  b ee- n s e l e c t e d  fo r  use d u r i n g  the a p p r o a c h .  The sele cted sys te m
wi l l  c o n t r o l  t h e  a i r c r a f t ’s l a t e r a l  a x i s  unt i l  t h e  l o c al i zer  c a p t u r e  point  is
r e a c h e d .  At  t h ’  local ize r ca pture  point , late ra~ ax i s  c i r c u i t ry  w i t h i n  the

~lig i t  d i r e c t o r  and a u t op i lu t  sys te m c o m p u t e r s  is b y p a s s e d . i ’he ALE C be-
come s ac t i v e  at  tn i s  t im e  and provide s all of the c o n t r o l/ d i sp lay f u n c t i o n s
d u rt n g  the f i n a l a p p r o a c h  and land ing  pha se-s .

If a nua 1 up e  r a t i o n  is dc s ir e d , the  Mit nun I A L1 C t e s t  s ~ i tch  is
ope ra t ed  p r i o r  to the  a a p r o z t ch  w i t h  the f l i g ht  c ont r o l  s y s t e m d i s e ngage d .
W h e n  th i s  s w i t c h  is ope r a t e d , the  A LEC wi l l  ope ra te  in a ‘‘display onl y ’’
moe ’  a i d  p r o v i d e ’  f l i g ht d i n e ’  c t o r  s t eer i n g  c o m m i a nds I o n  late ral  g u id a n c e
d u r i n g  the f ina l ap p r o a c h  pl e a s e s .  W i t h  tu e  m a n u a l  c on f i gu r a t i o n  se lec ted ,
s vs to  m inte r i o c k s  a r e  p rov ided  to pre ve nt e n g a ge  me nt of the a u t o m a t i c  ap-
p r o a c h  c o n t r o l  modes.  A pproach  a r m i n g ,  in the’ manua l c o n f i g u r a t i o n , is
ac c o m plishe d t h r o ug h us e ’  of the f l i g ht  d i re c to r  s y s t e m mode control  pa nel .

2.2 i’:XPERIMENTA L COMPUTER INTERFA CE

re I , S i m pl i f i e d  Sy s te m I n t e ’ r f a i e ’  , s h o w s  the AL E C and  its
re it ~t i o n s hip  to t h e  m a j o r  orr epone m e t s  of ti le ov e ’  r a i l  e x p e r i m e ntal  late r a l
a x i s  f l i g ht c o n t ro l  s y s t e m .  T h i s  d r a w i n g  s h ow s  t h e  s y s tem  in the automa -

t i  c o n t r o l  c o n f i gu r a t i o n , a f te  r t h e  b c  ;c l i i ,e  r ca pture ’  e m , a ge’ point.

R e f e r r i n g  to F i g u r e ’  1 , the A Li C p er f o r m s  late ’ ral  a x i s  con t ro l/
d i s p lay f u n c t i o n s  dur ing  t i e ’ f ina l approach  phase ’ s using input si gnals  f r o m
the ’ f o l l o w i n g  S o u r C e ’ s :
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p
a)  Iner t ia l  Na vi ga t ion  U ni t - Drift A ngle

b) LOC /VOR Radio s - ILS Localize r Beam De viation

c) Compass System - Runway Heading Data (Preset Course)

d) A i r c r a f t  G yros  - Roll At t i tude , Roll Rate

In add i t ion  to these control  and damp ing signals , the compute r
uses  signals  f r o m  the fo l lowing  source s fo r  gain schedul ing  and mode con-
t ro l  log ic pu rposes :

a )  Radio  Al t ime te r - Alt i tude , R u n w ay  Al i gnme nt Engage
Log ic

b) Main Landing Gear  Squat Switche s - Roll Out Guidance
Engage  Log ic

c) A i r  Data Sensor  - Indicate d Ai r speed  R e f e re n c e

Dur ing  ~ n a p p r o a c h , t he ALE C gene rate s both a i l e ron  and rudde r
commands w h i c h  a re  pr e sen t ed  on fli ght dire ctor syste m command displays
in the cockpit and a lso app lie d throug h the paths shown ( heavy l ines)  to the
autopilot syste m se rvo  a c t u a t o r  control  loops.

In the manual  ALE C confi gura t ion  the bas ic  sys te m inte r face is
also as shown  on Fi gure 1. In the manual  case , howeve r , the a i l e ron  and
rudde r channe l comma nd paths to the autopilot a r e  opened. The s t ee r ing
command i n f o r m a t i o n  is app lied to the cockpit disp lays only.

A typ ical ILS loca li ze r  approach  us ing  the ALE C for  l a te ra l  axis
con t ro l  cons i s ts  of t h r e e  seque ntial  phases :  Localize r capture and t r a c k ;
r un w ay  alignme nt ; and roll  out guidance . Syste m operation dur ing  each  of
these  phases is s u m m a r i z e d  in the fol lowing paragraphs .  Detailed discus-
sions wil l  be inc luded  j im late r sections of this repor t .

2 . 3 LATERA L AXIS MODE SEQUENCE

2 . 3. 1 T r a c k  Mode ’ ( Local ize r  Cap tu re/ Track)

fhe  t r ack  mode is e nte red when  the localize r capture point for
the selecte d syste m ( Fli ght D i r e c t o r  or Au top ilot) is reached .  With the
autopilot sys tem , localize r capture is initiate d when  the a i r c r a f t  reache s
a point equiva lent  t o i. 5 degrees  local izer  beam dispince me nt . The fli g ht
d i rec tor  syste m loca l i ze r  capture is at a point equivalent  to 2. 0 degrees
disp lace me nt e r r o r . Prior to the capture point , the airc ra f t  will generally
be fol lowing heading commands f r o m  the sele cted sys tem.
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At the local izer  ca pture point , the syste m confi guration shown in
Figure 1 is establishe d throug h inte r fa ce swi tch ing  and the ALE C e nters the
t r ack  mode . In this mode , the ALE C provides all of the ne cessary  late ral
axis control/display functions ne cessary for capture and tra cking of the ILS

localizer  beam.

Yaw axis control during the track mode is provide d by the aircraft ’s

yaw da m pe r .

2. 3. 2 Runway Alignment Mode

During the runway ali gn me nt phase ,  the a i r c r a f t ’s heading is
a ligne d with  the runway heading in pre paration f or  touchdown . With the ex-
per imenta l  syste m , the runway al ignme nt mode is normally engaged at an
altitude of 150 feet. The engage point is sensed by a variable altitude t r i p
which is set on the copilot’s altimete r instrument prior to an ALEC approach.

At  the e ngage point , a i r c r a f t  heading control is t ransfe r red to the
rudde r channe l , wh i le beam e r r o r  and cross  t r a ck  velocity are zeroe d
through the aile ron channel. The experime ntal system accomplishes the

runway alignme nt through execution of a forward slide -slip maneuver.

The runway alignment mode remains engaged until the aircraft

touche s down on the runway  whe re the roll out guidance phase beg ins.

2. 3.3 Roll Out Guidance Mode

The Roll Out Guidance Mode is used for lateral control foliowing

t ouchdown.  In this mode , runway ce nterl ine t rack ing  is accomplished by

transferring localizer beam control from the aileron channe l to the rudde r

channe l. The aileron channe l is used to maintain a w ings - l eve l  attitude
during this phase.

The roll out guidance engage point is sensed by squat switches

mounted on the aircraft ’s main landing gear struts. The mode remains

e ngaged unt i l  manually disconne cte d by the pilot at the completion of the
ground roll phase.

2.4 ANNUNCIATION

2. 4. 1 A nnunc ia to r  I)rive Provis ions

ihe experimental compute r include s annunciator drive provisions

to ide nt i fy  the va r ious  syste m modal state s and ce r t a in  w a r n i n g  conditions .
The c u r r e n t  ALE C annunc ia t ion  disp lay, which is located in the copilot’s in-
st r umen t  pa ne l , includes the annuncia t ions  tabulated be low :
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1. A L E C A rm

2 . Track

3. Runway Al ignment

4. Roll Out Guidance

5. Warning

6. Ma nua1ALE C

The ope ration of the annunciat ion display and the si gnif icance of
each an nunciator  will be d iscussed in the following paragraphs .

2. 4. 2 Cockpit A nnunciation

The ALE C cock pit annunciator disp lay uses a combinat ion  of
color coding and seque ntial lighting to identify the various compute r modal
state s and w a r n i n g  condit ions. These aspe cts of t he a n n u n c i at i o n  disp lay
will be discussed following a brie f d e sc r iption of each annunc ia to r  funct ion .

a)  ALE C A r m  ( A m b e r )  - Indicate s that  the ALE C has been
armed for  use.

b) Track  ( G r e e n )  - Indicate s that the exper ime ntal localize r
mode is engaged .

c) Runway Ali gnment ( G r e e n )  - Indicate s that the experime ntal
runway alignment mode is engaged.

d) Roll Out Guidance ( G r e e n )  - Indicates that the exper imental
roll out guidance mode is engaged.

e )  Warn ing  ( R e d , Flashing) - During approach , indicate s that
an input signa l validity log ic ha s
sensed a proble m ( loss of signal)
from eithe r the LOC radio or the
Inertial Na vi gation Unit .

The wa rn in g  li ght may be re set by
disengag ing the ALE C syste m and
the n re -engaging. The ALE C will
not re -engage  if the signa l validity
proble m still exists .

During landing , indicate s that the
a i r speed  has dropped below 80 knots ,
which  is the minimum - rudde r-effe c-
tive ness speed.
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f )  Ma nua l ALE C ( A m b e r )  - Indicate s that the manual  ALE C con-
fi gura t ion  has been selected for  ‘ise.

The annuncia tor  color coding used for  ALE C annunc ia t ion  is con-
sistent with  othe r annunciat ion disp lays used in the test  a i rc r a f t .  The ge n-
eral  rule he re is that ambe r de note s “a r m ” conditions , gree n de note s

‘enga ge ’ conditions , and red or r ed - fl a sh ing  denote s pote ntial “dange r ”
conditions requir ing immediate pilot atte ntion.

The following light sequence is used . The ALE C A R M  annunci-
ato r is l ighte d whene ve r the ALE C a r m  swi tch  is engaged. This  li ght re-
mains  on t h roug hout an ALE C approach.  The TRA CK , R U N W A Y A LIGN-
ment , and R OLL OUT GUIDANCE mode annuncia tors  are li ghte d and ex-
t i ngu i s h e d  seque ntially throug h the approach as each syste m mode is
e nte red. The WARNING annuncia tor  will li g ht whene ve r a validity fa i lure
occurs .  Whe n the WARNING annunciat ion  is on , p revious ly en gaged mode
log ic will be droppe d and the syste m will automatical ly e nte r a wing - le ve l
attitude hold mode . Whe n the manua l ALE C configu ration is sele cte d , the
MA NUA L ALE C annunciator  will li ght and re main on throug hout the approach.

2. 5 COMMAND DIS PLAYS

2. 5. 1 Roll Comma nd Disp lay

A standard FD-109 flight director syste m Attitude Director Indi-
cator ( A  DI) is used to display ALE C ro ll axis commands  dur ing the fi na l
approach phases.

Beg inning at the ALE C engage point , the ADI  roll command bar
is positioned th roug h use of si gnals  ge ne rated wi th in  the ALEC.  The fli ght
d i rec to r  ro ll s teering  commands , w h i c h a re  normal ly u sed to dr ive  the
comma nd di splay, are synchron ized  by ALE C c i r c u i t r y  to pr eve nt activation
of ADI warn ing  fla g c i r c u i t r y  w i th in  the fli ght d i rec tor  roll compute r .

2. 5. 2 R udde r Command Display

The ALE C include s provisions to gene rate rudde r s teer ing com-
mands fo r  disp lay on a suita ble yaw axis  command indicator dur ing  the run-
way ali gnme nt and roll out gu idance modes.

Initia l work  with the yaw axis  disp lay was accomplished using an
isolate d sing le-cue  command indicator ;  howeve r , this display was not suit-
able for  use in the t e s t - a i r c r a f t  fli ght ins t rume nt confi gurat ion.

A th ree-cue  ( p it ch , roll , y a w)  fl i ght d i rec tor  indicator is pre-
sently being procured for use in conjunction w ith the ALE C syste m
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2.6 FOR CE WHEEL STEERING CONFIGURATIONS

The late ral axis force  wheel  s teer ing  confi gura t ion  is an in tegra l
part  of the ove rall ALE C conf igurat ion in both the automat ic  and manua l
mode s of operat ion.  In the automatic  mode s , pilot inputs can be made
th r oug h the ro ll and y aw f orce whee l channe ls t o modif y and/or augme nt
au tomat ic  sys te m p er f o r m a n c e  ( i . e .  , superv isory  o v e r ri d e ) .  In the
manual  ALE C configura t ion , the force wheel  s teer ing capability is used as
the means for  c losure of the displayed lateral  s teer ing  command e r r o r
sig n a l s .

2.6. 1 Roll Channel

The roll cha nne l force  wheel  s teer ing confi guration is shown in
funct iona l block diagram f o r m  in Fi gure 2 . In this confi guration , t ransdu-
cers  in the ai r c r a f t ’s control wheels  are used to ge nerate  electr ical  signals
w h i c h a re  proportiona l to pilot control wheel  ( f o r c e ) inputs. These si gnals
a re  processed th rou gh displa ce me nt and integral  gain paths to ge ne rate
at t i tude commands which are applie d to the syste m roll at t i tude control loop.

In the disp la c e m e nt gain path , an ele ctrical dead-band circuit  is
used to esta blish a minimum breakout  force leve l of 3. 6 pounds. Force in-
puts greate r than this leve l are conside red to be valid control inputs and are
passed by the dead band c i rcui t .

The integral  gain path is controlled by a force le vel de tec tor .
Inte g ration of the force wheel input si gnals occurs when  the input force  le ve l
exceed s 5. 2 pounds.  When the input leve l is less than this  value , a feedback
path is closed around the integrator  that causes the in tegra tor  output to re tu rn
to null r e f e r ence . This remove s any steady state bank ang le r e f e r ence  due to
force wheel  inputs and thus allows the syste m to r e t u r n  to the la teral  compu-
te r  command refe rence . In the manual mode , whe re automat ic  control is not
used , the aircraft will return to a “wing-le vel” attitude refe rence .

2 . 6 .2  Rudde r Channel

The rudde r force  wheel s teering channel is shown in Fi gure 2.
In this  confi gurat ion , electrical  si gnals proport ional  to pilot rudde r pedal
force s are processed to gene rate rudde r surface commands. The rudde r
force breakout  is de termine d by spring loading wi th in  the sensor units
(approximately 22 l b s . ) .  A lag-fi l te r is include d in the displa ce me nt gain
path to provide pilot/ servo loop de coupling on a hi gh f requency  basis. The
rudde r cha nne l ope rate s using only the displace me nt gain path in all of the
automat ic  control modes.

In the manual ALE C conf iguration , an inte g ral path is ac t iva ted
at runway ali gnme nt engage . The inte g rator output repre sents steady-state
rudde r deflectione .  The integrator , the n , acts to relie ve the steady-s ta te
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rudde r forces requ~,red during the alignment maneuver. The integral gain
path remai ns act ive throug h the roll out guidance mode to maintain the es-
tabl ished rudde r deflection at a r e fe rence  position. The amount of defle c-
t ion can be u pda ted by the pilot throug h additiona l force inputs.
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SECTION 3

E X P E R I M E NTA L LOCA LIZER CONFIGURATION

3. 1 G E N E R A L DISCUSSION

The ex p e r i i r i e ntal , ine r t i al l y dampe d , localize r conf ig u r a t i o n
uses  the s t a n d a r d  [LS local i ze r  beam fo r  guidance control  during approach
and landing. Capture and tracking of the localizer beam is accomplished
in the conve nt ional  ma n ne r us ing  aile ron/bank  control . A conventiona l yaw
dampe r is used fo r  rudde r control . A typ ical ALE C localizer  approach is
d es c ru ~ed in the fo l lowing  pa r a g r a p h s .

l b ,  lo( t l i z e r  c ap tu re  phase of the approach  is e nte red auto-
ma t i~ aL ly  w h e n  the  a i r c r af t  r e a c h e s a point  ec~u ivaIen t  to 2 . 5 degrees  ( 187 .5
~a)  local i / e  r be am d is p lace me nt. Pr ior  to this point , the a i r c r a f t  is gen-
e r a l l y f o l l o w i ng  a h e a d i ng  t r a c k  tha t  wi l l  r esu l t  in an in te rcep t  of the local-
i z e r  beam at a p r e d e t e r min e d  i n t e r c e p t  ang le and range  f r o m  the localizer
t r a n s mi t t e r .  Du r i n g  the capture  maneuve r , ba nk ang les of as much as 25
Uc~~ re es a r e  c o m m o n  as the a i r c r a f t  t u r n s  t oward  the runway  heading and
f i n a l l y e s t a b l i s h e s  a g round  t r a c k  along the cente r of the local izer  beam . At
the comp letion of the capture phase , roll a t t i tude  and cross  t r a c k  ve locity
wi l l  be ap p r o x i m a t e ly z e r o . When cr o s swinds  a r e  p resen t , a c r a b - a ng le
wi l l  ha ve b e e n  es t a b l i s h e d  to coun te rac t  wind d r i f t . The capture phase is
conside red to be comp le te d w h e n  the a i r c r a ft  has es tabl ished a stable ground
t r a c k  along the cente r of the local izer  beam.

Fhe locali zer  t r a c k  phase of the approach begins when localizer
disp la eme nt , roll ang le , and cross track velocity are all approximately

ro. In crosswind conditions , a crab-ang le wi ll be p re sen t  to counte ract
d r i i t .  With the e x per i m ental syste m , the localize r t r a c k  phase exte nds to
an a ltitude of 150 fee t  whe re  the runway alignment mode is engaged.  (T rack -
ing of the local i ze r  beam continue s until  touchdown;  howeve r , fo r  di scu ss ion
pur poses , since somewhat  d i f f e r en t  control t echnique s are  employed , the run-
way  a li gnme nt phase wil l be discussed separate ly. ) The localize r track
phase is considered to be comple ted when the a i r c r a f t  reaches  the ali gnme nt
engage poi nt.

3. 2 FUN C ’I ’IONA L DESCR I PTION

3 . 2 . 1 Aileron Channe l

1~he expe r imen ta l au tomatic  and manua l localize r configurat ions
a re  shown in func t iona l block diagram form in Figures 4 and S respectively.
In both of t hes conf i gu ra t ions , ILS local ize r beam da ta ( c  ) is used a s the
oute r con t ro l loo p guidance  signal .  Localize r t r ack  damping is accomplished
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t h r o u g h use of an  inc r t ia l ‘
~~~ ross  t r a c k  angle ’ term , ~ + w h i c h  is

gene ra ted  b y s u m m i n g  m e  r t ia l “ d r i t t  ang le “, ( 13
1) , with preset course ,

( u ) .  These  t e r m s  a re  def ine d in F igure  3 , La te ra l  A i r c r a f t  Geomet ry .

In Figure 3 , d r i f t ang le is defined as the ang le in the late ral
plane be tween  the ins tanta neous g round  speed vector  and the a i r c r a f t
r e l er en c e  line . Since the algeb ra i c  sum of heading and d r if t  ang le , (~
+ P1)~ or cross track ang le , is the ang le between the aircraft ’s insta n-
ta neou s ground t rack  and the beam centerl ine , it is also a measu r e of
the  velocity across the beam ce nte r l ine . In th is  re spect the cross  t rack
ang le t e r m  is e q u i v a l e n t  to beam rate , a der ive d t e r m  of ten  employed f or
lo ca l i ze r t ra ck damp ing in systems that do not use ine rtial damp ing.
Cross track ang le , howeve r , unlike beam rate , is re la t ive ly noise  f r ee
a n d  is a l so  i n sen s i t i v e  to localize r beam d i s t u r b a n c e s .  It also provide s
a reliabie measure of cross track velocity in crosswind and windshear
conditions . When crosswinds are present , the heading t e r m  will  be equa l
to the d r i f t  ang le t e r m  w h e n  the c ros s  t r a c k  velocity is ze ro ( i . e .  whe n
t r a c k i n g  the lo calize r beam ce n t e r ) .  Since these t e r m s  are of opposite
s i gn , cancellation occurs when the a i r c r a f t  is on t r ack  and at the appro-
p r i a t e  r a b - a n g le f o r  the wind  condition p resen t .

R e f e r r i n g  to the loca l izer  mode funct ional  block d i agrams , the
local ize  r beam e r r o r  t e r m  and the cross  t rack  ang le t e r m  are  summed to
gene rate a ba nk command si gna l , ($ ) . At the capture point , the resulting
bank  com mand si gna l is applied to and proce ssed t h r o ugh a Full Time Com-
mand Modi f ie r ( F T C M )  c i rcui t  that l imits the maximum command rate to
4. 5 de g rees/ second .  This circui t  provide s command smoothing and limits
the maxi mum roll rate ( e . g . , dur ing capture ) to preve nt w i ng buffet whe n
la r ..~e e r r n r  si gnals  a r e  app lied.

A fte r rate l imit ing, the bank com mand si gna l is app lied to a
variable bank angle l imite r c i rcu i t . The li mi t va lue , wh ich  is controlle d
as a function of an altitude reference voltage , is + 25 degrees  d u r i n g the
capture phase. Later in the approach , beg inning at an altitude of 850 feet ,
the li m it is d e c r e a s e d  wi th  alti tude to a f ina l  value of + 5 degrees  at an al-
titude of SO fee t .

The  l imi t ed  ba nk command si gnal is then  summed with roll
a t t i tude , (

~~
) ,  and r ol l  rate , ( 4’) , which  are the roll att i tude loop control

a nd damp ing te rm s , to ge ne rate an a i l e ron  sur face  command si gnal.  This
sig nal is displayed on the flight d i rector  syste m Attitude Director Indicator
(A DI) roll command bar and , in th e automat ic  confi gura t ion , simulta neously
a pplied throug h the contr ol disp lay couple r to the aile ron sur fa ce actuator
control loop.

R e f e r r i n g  to Fi gure 4 , dur ing  the localize r t r ack  phase , the a uto-
mat ic  local izer  confi gu rat ion  inc ludes seve ral provisions for  p rocess ing  and

14
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up d a t i n g  the sys te m command re fe rence si gnals .  Beg i n n i n g  at localize r
t r a c k , the cross track angle damping t e r m  is updated i . e . , washed  out)
to re move stead y - s t a t e  si gnal source  e r r o r s  wh ich  can  resu l t  in locahze r
t r a c k i n g o f f s e t s .  The w a s h o ut ci r cu it , w h i c h  has  a 30 second time-con-
sta nt , is func t iona lly equivalent to a hi gh-pass f i l t e r .  The w as h o u t  c i r c u i t
output  is s u m m e d  w ith the p r e s e t  c o u r s e  t e r m , w h i c h  is the n used in the
cross track angle computation. Late r in the approach , th i s  same te rm is
used  in  the r u n w a y  al i gnme nt and roll  out gu idance  computa t ions. A f t e r
this summation , the heading term is referred to as “cor rec t ed  p rese t

o u rs e  ‘, (i.~ co r r e c t e d ) .  At  the g lide slope ca ptu re point , the washou t
l un c t i o n  is ~~~~~ble d ( m e m o r y  r e t a ined )  and the c ross  t r a c k  ang le ga in  is
i n c r e a s e d  to the va lue  r e q u i r e d  f o r  the late r ap p r o a c h  s tages .

At  t~ .e g lide slope engage point , an  i nte g ra to r  beg ins to ope rate
on t L e  loca l i ze  r beam e r r o r  si gna l w h i c h  re suIts  in the c losure  of any  long -
t e r m  n e am  t r a c k i ng  e r r o r s  that may be p r e s en t . Note that log ic is provided
to d i sab le  the i n t e g r a t o r  whe n pilot inputs  a r e  being app lie d to e ithe r the roll
or yaw  a x e s .  (For e le ve l detectors are  used to sense pilot inputs . ) These
p r o v i si o n s  pre ve nt l al se  beam in t eg ra t i on  d u r i ng  periods of time when pilot
s u p e r v i s o ry  ave r r ide  inputs  are being made .

Beg inning at an altitude of 55b f e e t , the localizer  beam e r r o r
t e r m  is d e s e n s i t i z e d  as a f u n c t i o n  of a l t i t ude  to compe nsa te fo r t he e f fe ct
of ocam corivi  rgence  as the aircraft nears the localizer transmitter.

l h e  manual  c o n f ig u r a t i o n  shown in Fi gu r e  5 is f u n c t i o n a l ly ide n-
t i c a l  to the  a u t o m a t i c  conf i g ur a t i o n  exce pt tha t , in the ma nual case , beam
i n t e g ra t i o n  is not used a f t e r g lide slope . ( T h e c r o s s  t r a c k  ang le washou t
r e n i a in s  a c t i v e  t h r o u g hout  the a p p r o a c h .  ) For  manua l , the roll a t t i tude
c om m a n d s  ar e  a pplied to the  cock pit d isp lay onl y and closed by the pilot
t h r o u g h use of the roll ax i s  Force  W h e e l  S t e e r i ng  conf i gura t ion .

3.~~. Z  R udde r Channe l

D u r in g  the lo cali ze r capture and t ra ck phase of an approach , the
•\ iJ C rudde r comma nd/disp lay computa t ion  is inact ive and in a synchroni -
i~~d mode .

The r u d d e r  c o r i t i gu r a t i o n s  show n in F igu r e s  4 and 5 r e f l e c t  the
a i r r a : t  ‘s yaw  (lu mpe r con f i g u r a t i o n  and the rudde r channe l of the fo rce
w h e e l  st e e r i ng  or i f i g u r a t i o n .  Both the yaw dampe r and the f o r ce  wheel

~~~~~ r i n g  c o n f i g u r a t i o n  shown , howeve r , a r e  par t  of the ove ral l  ALE C
s y s t e m b c  u l i z e  r c on f i gu r a t i o n .
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3 . 3 SYSTEM OPTIMIZATION

During the course of the ALE C de velopment, a numbe r of p roblems
w e r e  e n c o u nt e red in f l i g ht tes t  that led to improve me nts and changes to the
o r i gina l sys te m confi g ur a t i o n .  These  change s wil l  be d iscussed in the follow-
i t i g  pa r a gr a p h s .

~~. 3 . 1 E f fe c t  of Compass Syste m E r r o r s

3. 3. 1. 1 P e r f o r m a n c e  E f f e c t s

I n it i a l  f l ig ht t e s t  of the e x p e r i m e n t a l  lo c a l i ze r  conf i g u r a t i o n  re-
veale d tha t  compass  o f f s e t s  of as much  as plus or m i n us  3 d e g r e e s  could
o c cu r  d u r i ng  rou t ine  syste m ope ra t ion.  Since the or i g ina l confi g u r a t i o n
did not include a head ing  washou t  c i r c u i t , the h e a d i ng  o f f s e t  could only be
cancel le d in the si gna l chain  by a s teady loca l i ze r  beam e r r o r  unt i l  the
b o c a l i z e r  beam i n te g r a t o r  could ope ra te  to r e t u r n  the a i r c r a f t  to beam
cente r . To i l lus t ra te  this e f f e ct , Figure I , shows  the si gna l cha in  condi-
t ions  p r e sen t  fo r  the case of a 3 deg ree compass e r r o r .

W i t h  a compass  o f f s e t  p resen t , at the comp let ion of the loca l i ze r
ca pture  m a n e u v er , the a i r c r a f t  would es tab l i sh  a pos i t ion  o f f s e t  f r o m  the
ce nte r of the beam p ropo r t i ona l  to the amount  of compass  o f f s e t .  This  con-
di t ion  would  be m a i n t a i n e d  unt i l  15 seconds a f t e r g lide slope engage  whe n
beam i n t eg r a t i o n  was  in i t i a ted .  At  ty p ical capture  r anges , the o f f s e t  would
be ,)r e se n t  f o r  one to two minute s b e f o r e  the i nt eg ra t i o n  point w as  r eached .

A l t h o ug h the  use of beam i n t eg r a t i o n  u l t imate ly b r o u g ht the air-
c r a f t  on t r a c k , the t e c h n i q u e  was found to be g e n e r a l ly u n s a t i s f a c t o r y  be -
cause of g a i n  s chedu l ing  r equ i r ed  dur ing  an approach on the c ross  t r a c k
ang le t e r m .  ( T h e  c ross  t r a c k  ang le gain  must  be si g n i f i c a n t l y  i n c r e a s e d
1 r i or  to a l ig n m e n t  to a value that  is too hig h fo r  use d u r i ng  the capture
p h a s e . )  In t eg r a t i o n  of the e r r o r  gene rally resul ted in only part ial  cance l-
l a t ion  because , w h e n  the c ross  t r a c k  ang le gain was ra i sed  at ali gnment ,
the m agn i t u d e  of the  o f f s e t  was  increased  as well . The ove rall e f fe ct he re
w a s  an unde .~j r a b le  roll motion at the r u n w a y  ali gnmen t  e ngage point.

i . 3. 1 . 2  E r r o r  Compensa t ion  Technique s

in view of these  prob le ms , seve ral changes w e r e  made to the
s y s tem  c o n fig u r a t i o n . F i r s t , a washout  c i rcui t  was  adde d to the localizer
t r a c k  conf ig u r a t i o n  to up date the heading r e f e r e n c e  as soon as the t r a c k
phase is r eached.  The washou t  c i r cu it  p resen t ly opera te s on the cross
t r a c k  a ng le t e r m  dur ing  the period of t ime f rom localizer t r a c k  until  glide
slope capture .  Initially ,  a 60 second time consta nt w as u sed to avoid

19



r~i

4 ’ (3

\
\
~~~

,J ~~~~~~~

\~~~
\ 

~~~~

\ \  
~ Jl \

~ 
-
~\ \ ~~~ d z

~~~ A 0
1 ’•

~

8
~~~ L ~~~

H \  \ 
~~ 

-..~ 
0

\ \  if)

\ q:• j~~~~~
—
~ ~~~~~~~~~~~~

( )~ H
E~j ‘~~~I ~0

~4j 
\~~~~

_ ‘k~~) t ~i
II~~~’

~~~~ ç~ 1~j

Hg
20 ~~~~~~~~



r e d u  t i ~~~fl in  ove ra i l  d a m p i ng ;  howeve r , this value was reduced during flight
t e s t  to ~u seconds  to allow f a s te r  updating of the cross  t r a c k  ang le t e r m .

A second c hange to the confi gura t ion  move d the c ros s  t r a c k  ang le
g a i n  s w i t c h i ng point f r o m  the runway  ali gnme nt engage  point to the  g lide slope
e n g a g e  po int , as  pr e sen t l y u sed .In e f f e c t , this allows for re moval of any
cruss tr ck ang le errors re maining afte r the washout update period by the
e a r n  i n t egr at o r  1 r i o r  to the more cr i t ica l runway  ali gnment  point . Inc rease

U t  tu e  g ain  at this  t ime  also increases system damp ing du ring th e glide slope
pt~; i S e  of the app roach .  The integration initiation point was also moved to the
glide s lope e n g a g e  point to al low more time for  e r r o r  in tegra t ion .

I n i t i a l  f l ig ht t e s t s  usin g the washout circuit were conducte d using
m an . a I s’~ i t c h i ng  to cont ro l  the ope rat ion of the washout  ci rcuit . Following

~ as’ tests , an a u t o m a t i c  switching circuit was designed and installe d to ac-
tivate the washout circuit at the comp le t ion  of the localize r capture  maneuve r .
In the p r e s e n t  c o n f ig u r a t i o n , the washou t  c i r c u i t  is a c t i v a t e d  whe n the beam
e r r o r  s ign a l  h a s  r e ached  a value of less than  . 2  degrees  beam disp la ce me nt
e r r o r  and the ~i i r c r a f t ’s rol l  a t t i tude  is at a value of less than  2 . 0  de g rees .
l’he w a s h o u t  cont inue s to ope rate whi le  these  conditions a re  sa t i s f ied unt i l

th €  g l ide  slope e ngage  point is reached.  At  glide slope , the washout is dis-
an led , the cross t r a c k ang le gain increased , and beam in tegra t ion  beg ins.

3. 3. i . 3 Sumrna r’~ of Resul ts

A d d i t i o n  ot the cross track angle washout circuit has resulted in
i m p ro v e d  sy s t e m p e r f o r m a n c e  dur ing  the ea r l y localizer t r ac i~ phase w hen
compass r t f s e t s  are present . In most cases , compass system errors are
closed b e f o r e  t I~ b e a m  integration point (glide slope engage) is reached.
A i t h uig h 5 0 1 1 1 k  reduction in damping results from use of the washout circuit
no cna r ge s in sys te m pe r fo r mance have been note d othe r than the improve-
inen t  in  ( ‘ ~~ ra1l  t r a c k i n g  p e r f o r m a n c e.

5 i nce  l i i  c ross  t r a c k  ang le ga in  is i nc rea sed  th roug h use of an
e a sy - u n  c ir c u i t , and  the cross  t r ack  ang le e r r o rs are remove d pr ior  to the
i n c rea se  t h r o u g h ope ra t ion  of t he was hout , the swi t ch ing  point is gene rall y
undete ctable in fl i g h t .

‘l he p r e s e nt  washou t  configu ra t ion  has one notab le dr awba ck , in
t h a t , s u f i A c I f nt t i me m ust occur  f r o m  the localizer  t r a c k  point to the glide
s lo pe  point to  allow removal of the m ajor portion of e r r o r s  that are present .
Further im prove ments a re  possible here  for  the re la t ive ly close in capture
c a se s  w h e r e  this  t ime inte r val is shor t  ( i . e .  , 30 seconds or l e s s ) .  Se ve ral
poss ib le  im p r o vem e nts a r e  suggested in the s u m m a ry  and conclusions at the
end of thi s  sect i on .
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It should also be noted here , that the updated heading te rm gen-
erate d t h r o u g h use of the was hout , is also used in the runway ali gnme nt
and ro ll out confi gu ra t i ons  as the p r imary  head ing refe rence si gnal. This
app lication is more cri t ical  and is based on ce r :ain premises  regarding
the nature of the cross track angle errors. This application, howeve r ,
has no e f f e c t  on t i m e  local izer  t r ack  corif igura tio i d iscussed here , and wi ll
)e d i scussed  in greate r detai l in the runway ali gnme nt se ction of the report .

~~. 4 F LIGHT TE ST RESULTS

In th is  s ec t ion , Localizer  mode pe r fo rmance  will be d i scussed.
S ince  p e r f o r m a n c e  cons ide ra t ions  d i f f e r somewhat , the localizer  capture
and  t r a c k  ph a s e s  w i l l  e dis c u s s e d  separate ly.  In these discus sions , the
cap t u r e  phase  b e g i n s  w h e n  the a i r c r a f t  reache s a point equivalent to 2. 5
d eg r e es  l c ;i 1i~~t r  d i sp la ce me nt ; include s the initial  tu r n  to the runway
h i e : o : in g ;  and , ends w h e n  the a i r c r a f t  has e s tab l i s h e d a stable t r a c k  along
the & e nte r of the locali ze r  beam.  Loca l i ze r  t r ack ing  per fo rmance  is dis-
cus sed  f r o m  an a l t i tude  of 1000 fee t  to an alt i tude of 250 fee t , jus t p r ior  to
tu ’  in i t i a t ion  of the runway  alignment phase of the approach .

In a d d i t i o n  to d i s c u s s i o ns  pe r t a in ing  to overal l  sys te m perfor-
ic 0 e le ve ls , a numbe r of f l i g ht  r ecord ings  a re  include d to i l lus t ra te  per -

t o r n c t n c e  in the c a p t u r e  phase .  For the  t r a c k  phase , a s t a t i s t i ca l  approa ch
v~; i s  u sed  to T i c e a s u r e  sys te m p e r f o r m a n c e  le vels ove r a numbe r of ap-
proa m h e s .  l i i  t i c i s  case , f r e q u e n cy  d i s t r i b u t i o ns  of key p e r f o r m a n c e  para-
m e t e r s  ar e  i n c l u d e d  b r  r e t e r e n ce .

3. 4. 1 He r f ( , r r i l a n c e  Cr i te ria - Capture Phase

S~ ste m pc r f o rm an c e  d u r i ng  the capture  phase can be d iscussed
I r o r n  a I L u n l b e r of points ot v i e w ;  howeve r , s ince the objec t ive  here  is the
e s t a b l i s h m e n t  of a “ioca lize ’ r t r a c k ”  co ndit ion , the natu r e of th e beam
error closure characteristi c is of pr imary  in t e r e s t .  When considered in
Vie w of t he  conditions present during the capture , th i s  cha rac t e r i s t i c  can
be c i ’  ‘0 as  a q u a l i t a t i v e  m e a s u r e  of syste m (ap tu re  p e r f o r m a n c e. In this
r e g a r d , the ideal l u  ;ilize r capture is acco mplis hed asy mptot ica lly wi th no
ov e  r s h  it  or bOrIc  r s h o ut  ul t i e  beam ze ro  r e fe rence . Per fo rmance  where
te n d en c i e s to overshoot t h e  beam r e f e r e n c e  ex is t  c a n  be regarde d as “un -f
de r - d a m n p e d ” , w h i l e , c o n v e r s e ly .  “o v e r - d a m p e d ”  p er f ormance  is charac-
te r u ed by unde r s h o o t  of the  b e a m  r e f e r e n c e  and slow e r r o r  closure .

3 . 4 . ~ Local ize r ( ; t o t i r e  P e r f o r m a n c e

In g en e r a l , I l i ght t e s t  p e r f o r m a n c e  levels  obtaine d w ith the ex-
per ime ntal l uc al i i cr  c o n f i g ur a t i o n  have been in ag r e e m e nt wi th  p er f o r m a n c e
le vels p r e d i c t e d t h r ou g h analog compute r s tudies .  Fi gure  7 shows the range
of conditions ( in t e r i e .p t  ang le , range from transmitte r , wind) over which zero

U
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overshoo t captures can be made with the e x per i m ental localizer configura-
tion. The data s how n in Fi gure 7 is based on analog compute r study resul ts .

The experime ntal loca l ize r conf igurat ion has been evaluated ex-
tens ive ly dur ing fli ght test  ove r the following ra nge of conditions :

1. inte rcep t  ang le - 25 to 60 degrees heading error

2. Range  f r o m  t ransmit ter - 10 to 15 nautica l miles

3. Wind - zero to + 25 knots

4. Airspeed  - 160 to 140 knots

These condi t ions  r e p r e s e n t  those  most f r e q u e ntl y encounte red
d u r i n g  routine K C - 13 5  o p e r a t i o n  and can t h e re f o r e  be r e g a r d e d as typ ical ~~~~ure
cond i t ions .  The confi gu ra t ion  has a lso been eva luated on a l imi te d number
of occas ions  at ex t re me capture  cond i t ions .  In these  cases , ca ptures  have
been made at intercept angles from 10 to ~o d e g r e e s ;  at ca pture  range s of
8 to 25 nau t ica l  mi les ;  and in winds  of + 40 knots.

Locali ze r  ca pture s ove r the range of t y p ical  cap tu re  conditions
a re  made w i t h  l i t t le or no overshoot  of the beam z e r o  r e f e r e m m & e • . Many of
the cap tu re s made in this  range a re  ideal a s y m p t o t i c  c a p t u r e s .  A t  the rela-
t ive ly close -in/h ig h - in t e r cep t - angle cond itions w i t h i n  th us range’ , some beam

overshoo t  occurs , but is not excess ive  ( typ ica l l y 1~~4 to 1/2 deg r e e  beam dis-
pl a c e m e n t )  and damps quickly. Se cond overshoots  gene-  r a l l y ho not occu r.

A t  the e x t r e m e  ca pture  condi t ions , in the long i~~~~ cg ~~- c a s e s , ( i . e . ,
greate r than 15 miles ), at typical capture angles , ( 2~’ t i  t O  degrees ), the
syste m exhibi ts  a s o m e w h a t  overdamped r e s p o n s e .  U n d er s h o o t  of the b eam
cente r o c c u r s  but  is not e x c e s s i v e  or  r e g a r d e d as ob j e c t i o n a b l e  f r o m  an  oper-
a t ional point of view. A t these  ranges , howeve r , c ap tu re s  m a r l  t a  ma de with-
out overshoot  at i n t e r c e p t  ang les of up  to 90 d e g r e e s .

Capture performance at range s less than the nomina l range ot
value s is seve rely limited by beam geometry and aircraft turn radius con-
straints. Note tha t in F ig ur e 7 capt u re data is l imi ted  t o range s be y ond
approx imately 9 .2  mile s f r o m  the localizer  t r a n s m i t t e r .  In ge ne ral , at
range s less than this value , beam overshoots of varying magnitude s will
occur , r ega rd l e s s  of ca pture ang le. This point , t hen , r e p r e s e n t s  an  ope r-
ational l imit .  With the present  sys tem confi gura t ion , shallow ang le captures
(i.e. less than 25 degrees) cannot be accomplished at the close range s since
the computation causes the aircraft to turn towards the beam reference to
establish the system nominal capture angle. (This angle is determined by
localize r and cross track angle gains within the computer . )
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Se ve ral methods for  improving close range capture p er f o r m a n ce
are  sugges ted  in the summary  and conclusions sect ion.

To i l lustrate syste m capture performance , fli g ht test  r ecord ings
that r epresen t  the range of conditions encounte re d ha ve been sele cte d and
are included in Figure s 8 throug h 13. For convenience , the following late ral
axis parameters have been reproduce d from the actual recordings:

Localjzer Deviation

Preset Course

Drif t  Ang le

Roll Attitude

Ai le ron  Position

The fol lowing record ings  are  included:

Fi gure  8 - Fli ght Record ing -Localize r Ca p t u r e - J u ly 16 , 19 74
45 Degree Intercept , Range : 13 Nautical  Mile s
Dri f t  Ang le: Ze ro  to 2 Degrees , A i r s pe e d :  155 Knots

Fi gure 9 - Flight Record ing  - Local izer  Capture  - A ug u s t  13 , 197 4
42 Degree In tercept . Range : 14 Nautical Mile s
Dr i f t  Ang le: Z e r o  to 2 Degrees , A i rs pee d :  160 Knots

Fi gure 10 - Fli ght R ecord ing - Loca lize r  Capture - January  28 , 1974
42 Degree Intercept , Range : 7 .9  Nautical Mile s
Dri f t  Ang le: 5 Degrees , A i r speed:  165 K nots

Fi gure 11 - Fli ght R e c o r d i ng  - Localizer  Capture - March  29, 1974
35 Degree Intercept , Range : 18 Nautical  Mile s
Dri f t  Ang le: 2 to 4 Degrees , A i r sp e e d :  155 Knots

Figure  12 - Fli ght Recording - Localizer  Capture - January 9, 197 4
90 Degree Intercept , Range : 19 Nautical Miles
Dri f t  Ang le: 10 Degrees , A i r s pee d :  150 Knots

Fi gure 13 - Flight Recording - Localizer Capture - Janua ry 9, 1974
45 Degree Intercept , Range : 12 Nautical  Mile s
Drif t  Ang le: 10 Degr e e s , A i r speed :  142 Knots

3~4~ 3 Performance Criteria - Track  Phase

The localize r track phase of an approach beg ins at the completion
of the capture maneuve r when the aircraft has establishe d a stable ground
tra ck along the center of the localizer beam.
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I ) u r i n g  the  t r a c k  phase , the  a b i l i t y  ot the sys te m to ma in ta in
t r 4 i  . k 0’. ’ - r a range of consta nt as wel l  as chang ing wind  conditions is of
p r i n m ~t rv  ‘, a c - r n  f r o m  a p e r f o r m a n c e  point of view.  A nothe r f ac to r  he re
is the  C : ) u l l t v  of the  s y s t e m to compensate for  l o n g - t e r m  t racking e r r o r s .

e r r ~ ’r s , w h i c h  c a n  a r i se  due to s ignal  source of f se t s , a s an exa m-
Ple , g e  I H -  r a 1~ v r e s u l t  in s t ead y - s t a t e  local izer  t r a c k i ng  o f f s e t s .

( ‘c-ne ra l l y speak ing ,  l o c ali z e r  beam d i splaceir  ent e r r o r s  can
t) C u S e d  d u r i n g  t i + - t r a c k  phase as an ove ral l  m e a s u r e  of syste m per for -
r n a n m t - . Un de r ideal  p e r f o r m a n c e  condi t ions , l~ ca l i z e r displace ment

r r ~ - r  w ou l d  ae z e r o  t h r o u g hout  the a p p r o a c h  local izer  t r a c k  phase .

~~ . 4 . 4  Local iz e r  T r a c k  Per fo r mance

In c ct u a l  op & - r a t i o n , d u r i ng  the locali ze r  t r a c k  phase , a i r p lane
I n ut i o ls and  lo c a lu z e r  beam displa ce me nt e r r o r s  a re  gene rally s -nail .
V i s u a l  ae r~ u rr n an c e  obse rva t ions  a r e  usual ly made f r o m  raw data dis -

~~~i t i a -  I l o r i zon t a l  Situation Inthca to r .  On th is  indica tor , 1 ba r-
\‘, c c i t i .  is equivale nt to a 15 ~ia localizer  beam displacement . Since one
i e c i- + - . - o~ i o c a l iz e r  d isplace me nt is equa l to 75 -‘a , the b a r - w i d t h  is a

r I  l a t i v e l y small i n c r e m e n t . Gene ral ly,  p e r f o r m ance w i t h i n  + I bar-

~~idth is c o n s i d e r e d  good. A t  touchdown , 15 ~1a ( 1  b a r - w i d t h )  is equiv-
a i c - n t  t o  :i 1 p r o x im a te ly  30 fee t  d ispla ce ment  f r o m  the runway  c e n t e r l i n e .

\\ ith the e x p e r i m e ntal  s y st em , o b s e rve d lo c a l iz er  t r a c k i n g
I)C r f o r m a l 1 c e  is gene ral ly w i th i n  the ± i b a r - w i d t h  range . In most  cases ,
t r a m  k~ng errors a re  not detectable throug h u se of cock pit i n s t rumentat ion
in the late r stages of the approach .

l u  i l l u s t r a te  s y s t e m p e r f o r m a n c e  du r ing  the local izer  t r a c k

~~ a sc- , 1~ igu r e  14 inc  lude s localize r ie viat ion f r e q u e n c y  d is t r ibu t ion
charts that re lic -ct measured system performance levels ove r approxi-
: l l a t ( - i y 40 a p p r o a c h e s .  D r i f t  ang le f r e q u e n c y  d i s t r i bu t i ons  are  shown in
Fi gure  15 to ide n t i f y t he -  na tu re  of the wind conditions encountered during
t I e  data r u n s .

Ti e- data  s h o wn  in Fi gure  14 r e f l e c t s  sys te m t r a c k i n g  perfor-
malu e i l u r i i g t i e  most r u t u c a l  por t ion of the localizer  t r a c k i n g  phase ,
f r o m  a n  a l t  i t u u e -  •~ l 1000 f e e t  to an  a l t i t ude  of 250 f e e t , pr ior  to ini t iat ion
ui the r u n w ay  a l ign m e n t  maneuve r . T h is por tion of the approa ch , afte r
gli de- - 5~1ope en g ag& , i~ most subj ect  to wind shear  conditions. loca.Hp er
t r a c k i n g  data to touchdown is also p resen ted in this same f o r m  in the run-
way  ali g n m e n t  data section of this r epor t .

l i , e  data shown in F i gu re s  14 and 15 were  obtaine d by sampling
t h e -  localizer  deviat ion and d r i f t  ang le p a r a m e t e r s  at the 1000 , 750 , 500 ,
and 250 foot a l t i tude points .  Raw data w e r e  obtained fo r  th i s  purpose u s i n g
the  a i r c r a f t ’s 1 i 4 - f l i ght r e c o r d e r s y s t e m .  The app rop r i a t e  data points were
i d e n t i f i e d  t h r o ug h use of a r e c o r d e r marke r e. hanne l dur ing  each approa ch .
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Fhe frequency thstributions were plotted using standard statistical tech-
nique— s. A ppendix A include s a more detaile d d i scuss ion  of the data
a c qu i s i t ion and p rocess ing  technique s e mployed.

In conclusion , the experime ntal syste m has exhibited good track-
ing characteristics ove r a wide range of crosswind , windshear , and turbulence
cond i t ions .

3. 4 . 5 S u m m a ry  and Conclusions

Flight t es t  r e su l t s  obta ined  u s ing  the e x p e r i m e ntal sy s t e m  con-
i1~~.~r a ti on  ~or c ap t u r e -  and t r a c k u r 1 g  of the ILS local i ze r  beam ha ve been in

1 J * 5 I ~ a g r e e -  m e n t  wi th  p r e d n~~e- d p e r f o r m a n c e  based on analog compute r
st u d v r~ - s u i t s,

One a rea  of i nte res t  d u r i ng  the lo cahze-  r phase  w a s  the use of the
u t  r t i a l  ( r u s s  t r a c k  ang le t e r m  for  sys t e m damping . In this r e g a r d , f l i ght
~‘- s t  r s u i t s  h a \ - e - on f i rmed  that  adequa te  t r a c k  damp ing an  be~ obtaine d
t l r - - I l L & i u c u t  t he  range of KG-  135 a i r s p e e d s  and ap p r o a c h  c o n d i t i o ns  t h r o u g h
use  of an  in e r t i a l  d a mp i n g  t e r m , c ross  t r a c k  ang le , w h i c h  is gene ra ted  y
SU t f l m f l L m 4 ~ u n e r ti a l d r i f t  ang le wi th  r u n w ay  heading  e r ro r .

The wind  data conve y~~d b y th i s  t e r m  has  ; ‘ruv e n to a t -  of value
d u r i n g  b u t i . th e-  c ap t u r e  and t r a c k  phases  of an  a p p r o a c h .  L oc a l i z e r  ca p tu r es
c a m ,  a t -  r nad - w i t i out ove r shoo t  of the u e am  r efe  r e r ~ e- ove r a wide  r a n g e  of
‘ - X L e -  r r 4 a ~ cond i t i ons .  T r a c k i n g  p e r f o r m a n ce  is enhanced  by the f a c t  that  the
sum of d r i L t  - t r J g le and head ing  e r r o r  e f f e ct ive-i ’,- r e p r e s e n ts  a com m anded
cra b - a ng ie w h i c h  is e- sta b lu she d immediate ly a f t e r ap t u r e  of the  local ize  r
l , ., m in . r o s swj n d  con d u tj o n s .  Moreove r , t h i s  c r a b - a ng ie r e f e r e n c e  is
a u t o m a t i c a l ly up dat€ d as the approach  p rogres ses , s ince  c ha ng e s  in wind
cond i t ions  a r e - ins ta nta neously 3-efle cted in the d r i f t  ang le t e r m  be fo re  t rack-
ing ~- r r ors  de velop.

T yp i -a l  t r a c k i ng  p e r f o r m a n c e  is w i t h i n  + I b a r - w i dt h  ( +  15 
~~~~)

HSI r aw locali ze r  dev ia t ion .

A lt h o u g h sy st e -  in p e r f o r m a n c e  is ge ne rall y sat is  f a c t o r y ,  improve -
r n e - n t s  can LI e- made in se- ve rai a r ea s .  P re l i m i n a ry  compute r s tud y w o r k  has
been a c c  o r I r ) I i sh e d  in some of the fo l lowing  a r e a s , while  o thers  have been
exp~ ~ d4 -c1  to t h e -  h a r dw a r e  desi gn s tage.

In the lo c al i z e r  capture  phase , p r e l i m i n a ry  studie s indica te  that
the syste m op t imum p e r f o r m an c e  window can be in c r e a s e d  subs tan t i a l l y
t h r o ug h l1se ~ of range  in fo rmat ion  in the ca pture computa t ion .  In the curre nt
c o n f ig u r a t i o n , fo r  examp le , beam desens i t i za t i on, w h i c h  is accomp lishe d
t h r o u g h use of a radio  a l t i t ude  d e s e ns i t i z e r,  onl y ex tends  to a range of f ive

35



m i l e s .  In the capture range , the n the syste m Y to Y gain relationshi p is
e s s e -n t i a lls- a f u n c t i o n  of range . This , of course , resul ts  in va ry ing cap-
t u r e  cha r a c t e r i s t i c s  as a func t ion  of range . Improve me nts here  can be
obta ined  t h rough l i n e a r i z a t i o n  of the Y to Y gain re la t ionship ,  possibly
using DME information.  Anothe r approach might involve the implemen-
t4 t t i o n  of an  expone ntial capture law , to obtain captures at any range in
m i n i m u m  time and without overshoot  of the beam r e f e r e n c e .

Seve ral  a s p e c t s  of capture p e r f o r m a n c e  can be improved th roug h
m o d i f i c a t i o n  to the ex i s t ing  syste m confi gurat ion.  For example , compute r
s tudie s have shown  tha t  the ove rall syste m roll r e sponse  c h a r a c t e r i s t i c  can
uc improve d th roug h the addition of c i r c u i t ry  to provide rudde r coordinat ion
d u r i n g  t u r n s . With the p r e sen t  confi g u r a t i o n , lack of t u r n  coordinat ion re-
sults  in a n o n - l i n e a r  roll  response c h a r a c t e r i s t i c  tha t  i n c r e a s e s  the amount
o f t ime  ret~u ir ed  to reach m a x i m u m  bank ang le d u r i ng  the capture  phase .
A t  t h e -  close range conditions , a small improve ment  in t u r n  rate would ha ve
a mea s u r a b l e  e f f e c t  on ove rall cap ture  p e r f o r m a n c e .

Close range  capture  pe r f o r m a n c e  could also be improve d b y
a l l owing  sm all ang le inte r cepts at these  conditions wi thou t  t u r n i ng  t o w a r d s
t 1~e l o c al uz er  beam.  This could be accomp lished by sens ing  and blocking
commands  toward  the ce n te r  of the beam , thus a l lowing the a i r c r a f t  to pe n-
et r a t e  to a point whe re the command polari ty was t o w a r d  the r u n w a y  heading .

In the localize r t r ack  phase , the combination of the c ross  t r a c k
: i r I g i e  w a s h o ut and  locali ze r  beam i r 1t - gr a t i o n  appears  to g ive s a t i s f a c t o r y
r e - s u l L s  wi th r e ga r d  to t racking per formance  ( i .e .  , l ong- te rm e r r o r  closure
w i t h  si gna l sou rce  o f f s e t s ) .  During r e c e n t  fli ghts , howeve r , con t inu ing
s tud y of the n a t u r e  of the cross  t r a c k  ang le e r r o r s  ( o f f s e t s )  that o c c u r  f r e  -
que rit l y in a c t u a l  o p e r a t i o n  has ind ica ted  that  the n a t u r e  of t hese  e r r o r s  is
sn o r e  complex t h a n  was  prev ious ly bel ieved.  In rece nt ana lys i s , both the
compass  s y s t e m  and the ine rt ial  d r i f t  ang le t e r m s  appea r  to con t r ibu te  si g-
n i f i c a n t l y to the tota l s teady - s t a t e  cross  t r a c k  ang le e r r o r  p r e s e n t  at any
g ive n t ime , ra the r  tha n the compass syste m alone . Since the cross  t r ack
ang le washout  is cu rre ntly used to update the compass heading si gnal for
use in the runway alignme nt and roll out guidance mode s , addi t iona l st udy
shou ld be pe r fo rmed  in this  area .

In this same gene ral area , it would be desirable to develop a
ross  t r ack  ang le washout  control log ic te ch nique that allows suff ic ie nt

t ime  fo r  r e m o v a l  of cross  t r a c k  ang le e r r o r s  unde r all  capture conditions .
W i t h  the p r e sen t  c o n t r o l  logic , unde r re la t ive ly close in capture conditions ,
t f -  washou t  may not ha ve adequate time to ope rate before  the g lide slope
point us r e ached .  A possible improve me nt he re might involve the addition
ol an a mplitude sensor  on the cross  t r a c k  ang le t e r m .  This would overr ide
the g lide slope log ic tha t p resen t ly disable s the washout  circui t  whe n cross
t r a c k  ang le e r r o r s  are  still  p resen t  at the g lide slope point . It is also
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possible that  sys tem gains could be establ ished which would allow the wash-
out to continue to ope rate afte r glide slope capture , in conjunction with the
beam integrator .
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SE CTION 4 

-

E X PERIMENTA L R U N W A Y A LIG N MENT CONF iG UR A T ION

4. 1 G E N E R A L DISCUSSION

4. 1 . 1 F o r w a r d  Side -Slip A lignment Techn ique

R u n w a y  al i g n m e nt p r ior  to touchdown is ne C e - s s a ry  unde r c r o s s  -
wind  cond i t ions  in orde r to zero the a i r c r a f t ’s heading fo r  smooth  t r a ns-
i t l o m 1  un t o  t ia -  g round  roll  phase of the  i and ing .  The e xp e r t r i a - ntai con f i gu-
r a t i o n  ac c o m p lishe s the al i g n m e n t  in a manne r c o n s i s te nt w i t h  conve nt ional
pi lo t  t e c h n i q u e  f o r  th e  K C - 13 5  a i r c r a f t  t h r o ug h exe cu t ion  of a f o r w a r d  s ide -
s l i p  mane - av e r .  E ss e n t i a l ly ,  t h i s  involve s l o w e r i ng  the upwind  w i n g  to
cour t e- r ac t  d r i f t , while  s imu l t aneous ly app ly ing rudde r cont ro l  inputs to
z e r o  r u n w ay  head ing  e rr o r s  and thus  a l i gn the a i r c r a f t  wi th  the  r u n w ay .
W i t h  the e xp e r i m e n t a l  s y s t e m , the ali gnme nt ma neuve r is gene ral l y in-
i t i a t ed  p r i o r  to f lare  engage  at an al t i tude of approximate ly 150 f ee t.

i h e -  f o r w a r d  side - s l ip  r u n w ay  ali gnme nt mane u ve r is one of two
c l a s s i c a l  m aa cu v e r s  gene ra l ly cons idered  for  use as a late ral axis  control
tc chnique i t-u pr eparation for landing unde r c rosswind  condit ions . The alte r-
na t ive  ma neuve r , which is ge ne rally refe r red to as a “decrab” maneuve r ,
b a s i ca l l y involve s the rapid app l icat ion of rudde r at a point j u s t  p r io r  to
touchdown  to a l i g n  the a i r c r a ft  wi th  the  runway  while mainta ining a wing -
le ve l a t t i tude-  t h r o ug h a i l e r o n  control .  The f o r w a r d  s i d e - s l ip maneuve r ,
which  is p er f o r m ed at a hi g her  al t i tude , involve s slow control  input s and
is the p r e f e r re d  method  of ali gnme nt fo r  the t es t  a i r c r a f t.

F rom a control  pount  of v iew , the f o r w a r d  s ide-sl ip involve s
s i m u l t a n e o u s  and coord ina t ed  control  of the a i r c r a f t ’s roll and yaw axes.
The fo l lowing  p a r a g r a ph will  i l lustrate  the sequence of eve nts that occurs
d u r i n g  th is  phase  of an approach .

During a t y p i c a l  approach  unde r c ros swind  conditions , the air-
c r a f t  wi l l  be- t r a c k i n g  the  local izer  beam with wing s le ve l and zero side-
si~ p. At  t h c s  t i m e , a runwa y heading e r ror  ( crab ang le)  will  be p re sen t
to counte ract  the -r o s s w in d  compone nt . Beg inning at the ali gnment initi-
a t io n point ( typical l y an al t i tude of 150 fee t )  heading e r r o r  will be re-
move d ( z e roed)  ove r a p e r i o d  of 5 to 10 seconds th r ough rudde r control.
Dur ing  th i s  sam-m - p e r iod  of t ime , a wing low roll at t i tude will be es tabl ishe d
t h roug h a i l e r o n  control  inputs to counte rac t  d r i f t . During the al ignment
m an e u v e r , t i-te a i r c r a f t  wil l  cont inue  to t r ac k  the localize r beam. Unde r
cons t an t  wind  condi t ions , the fo l lowing  steady state condit ions wil l  be
p r e sen t  at  tne ( o m p le t ion  of the t r a n s i t i o n  to the ali gnme nt mode . The
a i r c r a f t  wi l l  be on b c  ;t l i z e r  t r a c k  w i t h  zero  r u n w ay  heading e r r o r , ze ro
dr i f t , and banke d sl i ghtly into the wind . Steady state rudde r and ai leron
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s u r fa c e  def lec t i o n s  w i l l  be p re sen t  to m a i n t a i n  the f o r w a r d  s i d e - s l i p  con-
d i t u u n .  rhese conditions will then be maintained t h r o ug h f l a r e  un t i l  t o u c h -
dow n.

4. 1. Z Control Considerations during Ali gnmen t

rh e  purp ose of the r u n w ay  a l ignme nt maneuve r , of cou r se , is
to a k l g n  the a i r c r a f t  with the runway  heading  in p r e p a r a t i o n  fo r  the g r o u n d
ro~ i ; h a s < -  of the landing . A lthoug h r u n w a y  a l ignment  is an impor t an t  re-
q u i r e m e nt unde r c r o s s w i n d  condi t ions , it is e q u af lv  i m porta nt d u r in g  th i s
a p p r o a c h  phase  to ma u ntain p rec i se  loca l izer  t r a c k i ng  as the a i r c r a f t  nea rs
t h e -  r u n w a y .  The r u n w ay  alignment  m ianeuve r , the n , must  be accomp lished
in  a manne r that  has  minimal  e f f e ct on l o c al iz er  t r a c k i ng  p e r f o r m a n c e .

i he t r a n s i t i o n  f r o m  t h -  s t a n d a r d  lc~ a l i ze  r t r a c k i ng  conf i g ur a t i o n
c ra ) u ( - d )  to the -  f o r w a r d  side -sl i p is a c r u t ~ cal p has e -  of the ali gnme nt and

m u s t  be a c c o m p l i shed  t h r o u g h p r e c i s e ly coord ina ted  rudde r and a ile r o n/
b a n k  cont rol  to avoid late ral driut :tau the r e su l t a n t  localize r  t r a c k i n g

~- r r o r s .  In add i t i on  to comriand  coord ina t ion , s u r f a c e  command  and e r r o r
c i o s u r , -  r a t e - s a r e  p a r t i c u l a r ly cr i t i c a l  dur ing  the t r a n s i t i o n  pe r iod . The
r r ~w zty h e a d i n g  e r r o r  m us t  be closed re la t ively fas t  but wi thou t  overshoot
of t he-  z e r o  r e f e r ence . The e ffe cts of ae rody n a m i c  coup ling b e t w e e n  the
a i r c r a t t ’ s yaw and roll  axes must also be c o n s i d e r e d  d u r i ng  a l i g nm e n t . As
an  e x a m p le , h i g h yaw ax i s  con t ro l  r a tes  wil l  r e s u l t  in a s s y m e t r i c a l  l i f t
l c i r c e - s  w h i c h , d u r i ng  al i g n m e n t , wi l l  t end  to r e s t r i c t  l ower ing  the upwind
w i ng  t o  e s t a b l i s h  the ne cessa ry n a z b ~ ang le into the wind .

In the ro l l  axis , adequate roll control  mus t  be provide d to o f f s e t
t i e -  -~ fe t s  of r o s sw i nd s  while  l i m i t i ng  bank ang les to s a f e - l i m i ts .  Wi th
t i e -  N C -  135 a i r c r a f t , hank  ang le c o n t r o l  n e a r  t o u c h d o w n  is c r i t i c a l  s ince  an
a n g le of ap p r o x i m a t e ly 7 d egr e e s  wi l l  cause the eng i ne- nace tie s to d r ag  on
:Fu e r u n w a y .

4. 2 1- UN C T I O N A L DE S C R I P-rION

~~~, I R u d de r and  A u L ~~ron Channe ls

. i _ t- e’ x p e - r u m e - m m t a i au tomat ic  and manua l r u n w ay  al i gnment  mode
c o n l i g u r a t i o m i s  a n , -  s h o w n  in t u n c t i o n a l block d i ag r a m  f o r m  in F i g u r e s  1(
and 17 , r e- spe i t i - - e - l y .

R e - i e  r r u n g  to u g u r e -  I t . , at  t h e  r u n w a y  a l i gnme nt e n g ag e -  point ,
t u e  r -~~i e-  V C ’f ln}Ait ~t t i t ) r l  Cha i t u ~e - I Lu- c u m i n - s  a c tive and op e r a t e s  to close e x i s t  —

u m i g  r ~u i ’z . t y  l e a d i n g  e r r o r s . R u d d e r/ h e a d i n g  loop d a m p ing is p r o v i d e - d  by
t i l e -  a i r c r a f t ’s yaw da nipe .  r o m i f i g u r a t i o n  wh ich  ope rate s in paralle  - w i t h  the
-xpe r ime  nta l u m n p u t e -  r in  t h e -  a l i g n m e n t  mode . [ he-  rudde r channe l compu-

t a t i o n  is  • I I S U  used  to ge  r i era t e  bank  a n g le and a i l e r o n  s u r f a c e  co m m and  sig  -
nals which  a r e  app lie d to the a i l e ron channe l t h r o ug h undep e nde n~. c r os s- f e e d
paths.
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The l e - u l u r l g  e rror te r mu ( ~~ - - ~o r r - c t , -U , ~r~, m n  ai l er o n  c b a n m L ( - l )
i~s m ade-  a ~-a u l a b l e -  f o r  ( u i s p l:~y on cock~~ t

C
m n s t r i i m m m e n t at i on  and p r o ce s s e d

t h r o ug h d isplace me- mi t  a m i d  i n t eg r a l  g a i n  p aths .  l i e -  r e s u l t i n g  rudde r Posi-
t i e~~ command su gn :t I  us t h e n  a m p litude— l imi te d to + l h  d egr e e s  and ra te
limite d to a m a x i m u m  ma t -I- 2 . 5 d e g r e e s / s e  cond ) e - I , r e -  , t - i n g app l i e d to the
r u u d d e  r s u r f a ce  se - r vo- a  t u a t o r  c o n t r o l  loop. l i e  a mp l i tude  and  ra t e-  l imi te d
rudde r c o m m a n d  s ign a l us a l so  appl ie d t h r o ug h c r o s s  - f e e d  path s to the aile r-
oi l  c};a nne- 1 aa nK a nd a iie r u n  c o r n  n h ,  -ad co m1t r u b  loops

A i l e  ron  ch ann e l c o mp u t a t i o n s  u u r i i l g  the a i~ g n m e n t  ma ne uve r arc-
on l o c a l u z e — r b e a m  e r r o r  and  c ro s s  t r ac~ an g le -- ~ s ~b ur in g  the localizer

c ap t u r e  a n d  t r a c k  ph a s e - s .  D u r i n g  i i ; , - a l i g n m e nt , h o w e v~ r , the rudde r corn-
mi - m a n d  c r o s s — f e - e d  su gn a i s  f r o m  the-  c o ; u p ; u t e r ’s rudde r channe l a r e  now ac t i ve
and  ope r a t ~- t o  g e - n e - r a t e -  a w in g  - low a tt it u d e  c o m nr n a nd in ~~c the wind  and the
.-; ‘a ; c i v  — s i ;~~i e  a i le r on  u o m r -n a n d  r e q u i r e d  to c r ; a l r ;t a i n  the  f o r w a r d  side — s l i p
co~~ 11t ioa .  In addit ion , a n  i m A t e - ~~r at or  Li ( ~I\V ac-rate s on the compute d aile ron
s rvo  c o m m a n d  s ig na l to e n s u r e  Cor  m ; ; ; t u a i  c losure . In e f f e ct , t h i s  in te gr a  -
t c r  a ug m e nts the rudde r ./ a i le ron  s u r f a ce comma nd c r o s s - f e e d  signal  to
e n s u re  tha t :ui e - qu a le -  s t e - dy -s ta te  a i l er o n  s u r f a ce d isp lace me nt is m a i nt a in e d
Ij r  1 o mm a n d  c losure- . Note tha t t at -  var iable  bank ang le limite r w i l l  r e a c h  a
value o f + S d e g r e e s  at the 80 foot a l t i tude  point to preve nt e x c e s s i v e  bank
a~~g l e  at  t o u c h d o w n .

h e f e  r r in g  to Fi gu r e  17 , the  ) a s i c  a l ig n m e n t  compu ta t ions  used  fo r
na nua I o; c r a ti o n  a re - I d h~~t i U t I  I n~~fa  r to t h o s e -  c- mp loyed in the a u t o m a t i c

- J u : u L - r a L ~~- 1~. i - o r  l1~~* 1 l I t ~i l  a l i g n m e n t , r on w a y  h e a d i ng  e r r o r  is d isp layed on
C e  c ( ( ~k pLt y a w  ax u s  co m m a n d  di sp l ay .  Comm and c losure  is a c c om p l i shed
:i~ t i . -  ~~; 1 J r o u g l use  of the r u d d e r  channe l  fo r c e  whee l  s te e r i n g  conf igura-
t i ) m I . i c -  m e - ;  m ug  e r r o r  t e r m  is the  n a m p l i tude  and r at e  l imited , as in the
a u t  m at  L I  ( On I  i g t u  n t  ion , and app lied t h r o ug h the rudde r /b ank  comma nd
c ros s  - te e d  p a t u  to the  a ul e -  ron  channe l bank  command loop.

in t i~~- m a n u a l  A LI- C al i g n m e n t  mode , an  in t e gr a l  gain path is
i t d -j e - d  to t m e -  b a s i c  r u d d e r  channe l t o r c e  w he e l  s t e e r in g  conf ig u r a t i o n .  The
- - t ~~ut of t h i s  i n t e gr a t o r  is p r o p o r t i o n a l  to the a m o u n t  of s te-ad y - s t a t e  rudde r
sur~a(  e d e t l e c t L - I n  an d  us  u s e d  to ge m e - -  r a te  the s teady - s t a t e  bank com ma nd
s i g m a  I t i a t  is r ’-~~ ui r d  in the- n i le  ron  channe l bank command computa t ion .

In ti e - a i le r o n  channe l , command  disp lay compu ta t ions  a re  based
on t i e  b c  ;~ - Li e- r b e am  r ror and cross  t r ack ang le t e -  r m s , plus the bank corn-
r i i i m n d  ross —~~~ e d  s i gn a l f r o m  the rudde’r channe l.

4 . 2.  2 R u n ~~~~~ i\j ~~~ i r i i e -  nt /P  oIl Out. Guidance  1’ r ans  i t ion

~~h e -~ t i m e  a i r c r a f t  r eache s the t ouchdown  point , the t r a n s i t i o n  f r o m
t i m e r unw a y ; t l i g m m e u t  to the roll out guidance mode occu rs .  At  this point , the
r n i h e -  r i l a r ~ n e- i unt e g r a t o r  w i l l  1w ho ld ing  an  output  p ropor t iona l  to the amount
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m a t  s te ad y — s t a t e - r u dde r s u r f a ce  defle- c t ion . Li i t h e  ;~ u to m ; i ~t t u c  ca ~ e -  , Cui ~ ou tpu t
~il a l so  r e s u lt  in a steady-state aile ron defic-ction L~iroiugii t i c , rudde r / a i l e r o n

L om r nam -. I c r o s s - t ee d  path.  At  the comp le t i o n  oi the r u n w ay  a l i g n m e n t  pha s-
(i .e. touchdown) the rudde r channe l i n t eg r a t o r  holds  m em o ry  and r e m a i n s  in
the si gna l  chains. The rudde r and aileron s rface- po s i t ions (- s ta t i l i s he d  dur-
ing the alig n m ent ma neuve r , th en, ar-  re ta ine d and se rve-  as ;tn  op er at i ng
po in t  re t i  r en c e  d ur i n g  the  roll  out gu idance  mode-  w h i c h  is c- r ite red  at  t o u c h -
dow i .

4 .  3 SYS TF ; M O P T I \ I I Z AT I 0 N

4 . ~. I ! f u e - c t  ou Comp~t t e r n  I- r r u r s

1.3 . 1. I l ’e - r f o r m f l ; t m c c -  E f i -~~t 5

L ) u r i m i g  t i n -  f l i g h t  t e s t  phase -  U t  t i m e  sys te m de velopme nt it w a s  found
t~ t ( 1 ) i i l j ) 1 i 5 5  c , i f s e t s  01 i- e s  much  as 3 de g r e e s  could occur  du r i n g  rou t ine
sy ia mu ip e -  r at i o n . S inc e-  t h e -  coma : ss sys te m p r e s e t  course  t e r m  is used in
i -a  c- h o~ thy  A Li .  C cont ro l  conñ~ u r a t i o n s , s i g n ~ f i c an t  e ffe  cts w e re  noted in

I; of the - - sy s t e m modes .  The e f f e c t  of such  e r r o r s  has bc -c -r i  dis~ u s s e d  in
t h e - -  b c  ~~i i .~e r s e c t i o n  c-f  t h i s  r epor t  along with  a dis cuss ion of a me ans used
tc; mn~ n im i ;e -  the- c - f a c t s  0! o f f s e t  e r r o r s  on localize r  t r a c k i ng  p e r f o r m an c e .
In i h a t  ca se - , a w a sh o u t  c r c u it  was  imp le me nted w h i c h  would r emove  s tead y-
S U c t e -  o f f s - t  • - r r o r s  b e t w e e n  the local ize r t r a c k  point and the g lide ~;lope cap-
t u r e  p i n t .

i ) u r  1m g the -- r u nw a y  ali gnmne nt phase , the ge- ne ral  e f t c - c t  ma! compass
errors w a s  a ge --ne ral misalignment of the a i r c r a ft  w i t h  the r u n w ay  by an
a m n o c m n t  c -qua  i to the-- o f f s e t  e r r o r .  In the a l i gnme nt mode , r u n w ay  h e a d i ng
e- r r o r  l a  u sed  as the  p r i m a r y  rudde r cont ro l  si gna l , t h e r e f o r e , the rudde r
c h a n n e l would  ope rate to pos i t i on  the a i r c r af t  to the o f f s e t  head ing , r at h e r
t 1u~~n t h e -  r u n w ay  h e a d i ng .  Gene rall y ,  landings could oe made in t h i s  manne r ,
Lowe-  ye r , o -;e r a i l  p -  r f o r  mance charac te  r i s t i c s  w e r e  less  than  o p t i m u m . Land-
ing wi th  a h e a d i n g  e r r o r  gene ra l l y caused  less t i -man  op t i m u m  p e r f o r m a n c e  to
oc - cur  dun  m~ g the rol l  out mode , as wel l.  This e f f e c t  wi l l  be d i s c u s se d  in
g r e a t e r de ta i l  :n thi c -  r o i l  out gu idance  sec t ion  of the r e p o r t .

4. ~. 1. 2  i- .r r o r  Compensa t ion  Technique s

l o  n i i n i r r m i z e  the  e t i e c t s  of compass  s y s t e m  o f fs et s  on ali g n m ent
p’ r f o r r m i ; m  mu e - , t i n -  T o n f i g u r a t i o ”  was  ch a nged to allow use of an inc r t ially up—
d i t e - d  h e a d i ng  r e j e -  r en c e  d u r i n g  a l i g n m ent, in l ieu of the head ing  data ob ta ined
d i r e c t ly f r o m  the-  a i r c r a f t ’s compass  sy s t e m .

J- - s s e - n t I ; t l I \ - , h i s  was  accomp l ished t h r ou g h use  of the head ing
si gna l c o r re  t u o n  e - s t a t , l u s ~ m t - d  d u r i ng  the localize ; t r a c k  phase of the approach .
D u r ir 5 t ime loca lize r ~~~~ k ph a s e , a washou t  c i r cu i t  is used  to update the
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- i v s t e - - m  c- r t ss t r a c h  t i ng l e-  t e - r m n  w h i c h  i —  t 1~~- ;m m i i  of c u m i i p i m m- s l I e - t i  d o u g  a m i d
c r i e r t i t i l d r i l t  t i n g le- . i m u  t h u s  c o m e i i g u r ; c t u . o , toe-- o u tp u t  of L i t - w a s h o u t  is
s u i m i m i m e - . !  w u t h  t i - me c om n p a s s  h e a d i ng  si gna l. A ny  e r r o r  in the - compass  si g-
nal w i l l  ) e -  up d a t e d  to the a c c u r a cy  le vel of the d r i ft  ang le si gna l . T he
h e a d i n g  s ig n a l g e n e -  r a t e d  in th i s  manne r ( 

~

. c o r re c t e d )  is u s c - h  d u r in g
t h  . c l i g n r m u e - n t  as  the r d m u v ~ay head ing  r e f e r e h n c- . I h u e  i :or rec te d l e a d i n g
t e r m  is ;e i so  u s e - cl in the  ro l l  out g ui d a n c e  c o n f i gu r a t i o n  as ;t h; m o p i n g
he r i - mu .

4. ~. 1 . 3 Summon r y  of h e - s u i t s

3u r i m u g  t i e -  i n i t i a l  f lu ~~ht i a - s t -  L u s i n g  th i s  s ig n a l , l ; e - ; o i u n g  0 se tS
U i  • i p p ru x o m~~~~ . - l ’ :  4 -1 g r e - c - s  -u  re i m i s e r t e - c  p r i o r  to se— ve nal  of t h e -  ap n r u ; i c es
to t e st t i e -  c o n i c - p t  n ; n e - r  O c  tua l c , , r u u l t t i o t e s .  h - c u r i n g  e a c h  of t ; e - s e  ap p r o a ch e s ,
t h e a r cr ;~ !t I u g m ; e - d Lu t i e -  c o r r e ct r u n w ay  h e ac ;n g  w h i c h , of c o u r s e - , was  t L e~
- i c - S i  i , ~- ‘I re s cult.

F~as.-d on t h e s e - -  te sts , t~ e Ic c h n u q u - appe ;t  red to be a -;aiid method
fo r :t m i o m i i z i r ~g t i e -  c - l i e  c i  a! o c i n u p a s s  s y s t e m e r r o r s  or~ r u m l m a .- ; y  ; t i i g n : m i e - n t

e - r i u r m r i a n c  an n  ‘.~.- a - u , t h e - - r e u t , r c - , c - i -p i e r !  f o r  u s c - .

.ee i t h u  the  p m - -~~e - nt c u m u l u g u m c t i c . m , ,  a n  i m p r o v e d i u e a d ;n g  r e l e - r e - n c e - is
i n  t In -  m i e t i n n e r h - s L r - 0 c - d  u ; c!c- r n u - s t  u -r i di t i on s .  S i l  d r a wb a c k s ,

c - I -  i s t  w i t h  t I c- c o m u t u g u r a t u o m  I S  - i - s  r u i . t -d . F i r s t , si n c e -  t i n -  u r r e - c —

t e .  h e a d i n g  s i i - n a l is ge  m e -  r a t e d t I n  a t i e  a l u c c - r  r ;e ck pit a se ut t h e  a p —
p r o r i c h , S n I l ’. i c - l i t  t u r , i e -  f lu Sh O c ~~( ~m - - L O i - c - c - u e  t i c- i f l1t~ n t i u f l  of t b  t r ; i c  k p h a s e -
an n  i a e -  g l ide  slop e- c - I / a g e -  p o u l t to ; t O , w  t h e  f .  , l n g  to be ; u a u t t t - d  b y ti ;e -
w a s h o u t  c i r c o l t , w h ~~ I has  a ~ () s c - c o u n t  t u m n i -  t o r u s t ; e m u L .  Th i s  p r o :~lc- mn w a s
mu st  I I S S c - d  h r t e fl y in t h e  locahi .e-  r m a r i e  s u m m a ry  and con 1 iusions  s. ct ion
of t h is r e p o r t  a l on g  ~i i t h i  S e -  - -. e -  ra 1 Jo ‘-. s i i h - e  u i u -  t h i o d s  f o r  i mp r o  i- e m a -  n t .  i~ hc- n
s m a t l o  u t - m i t  t u n i c  does nu t  o c c u r , of co u r s e - , a p o r t i o n  of the i e - u d in g  o : l s c - t

r r m a r  w i l l  r e ma in  u n c o r  re t e d . A f l u - r g l ide  s1ui~~- e- n gag e-  , th e- - :, t -a  mu in t e gr a  —

t o n  wi l l  lose any  t r a c k i n g  e r r o r  that  r e s u l t s  f r o m  the r e s i d u ; i  h e a d i n g
r n . r ; h o w e -  ver , w h e n t h e  ; i l u g n r n e n t  point  is  r e a c h e d , th e -  e r r o r  w i l l  ; I g ; t i n

I , , - come app ; r e m -ti

se  c u u i d  P m a  v~ U n  ck c o u l c e  rr i s t i u c -  n a t u r e -  of : -e Oi  s t t  co: iI itions
I r m  t h e -  j u t  a i i i . e - r  t r ; i t  k p h a s e - . F i n -  c u m i t i g i u r a t i o r u  e s s en t i a i l y r e l ie s on a r e l i —
~ t .hc- ;i Ori ace u r i t e -  d r i f t  m i g ic -  s ugr ia l .  As m e  f lt i  • led in the l o c a l i z e -  r se ch ior i ,
s u r n m n a r y  and c o n c l u s i o n s , con t inuing  i n v e - s t i g ; e t u c e ns mat  the’ l ut c t o r s  t i - c i t  caUse-
t t e  r , ’c 1 - ,ie- n t l y c - n c  e , On l  i - r e d  c r o s s  t r ; m  e k  a og le’ e- r r o r s  ha ~~t in d i ;e tee -I tha t the
u m e r t i - , !  d r i f t  a g ! c -  ar m  a l s o  c o n t r u f .  t i e - s  to the  o f f s e t  c o m i t u i t u c m s , r ; t L I o - r  t i t a n

( t i e -  s tm n p a s s  s i~, m-ia t t i o m y .  In c e - r h ; i i n  c ; -, s e- s , h e - mi , t h e -  qua lit y  ot ti -me c o n n e c t e d
i c - d u n g  s i g n ;  I may IK s o m n e e - w h e ~~t w o r s t ’ tha n h u e -  u n c o r r e -  - t e n  in - a d i n g  u t s e l i .
l h e - ~ w o , l d  o c cu r  c . i c - m m  t i n -  c o mp a s s  sy s t e m was  c ur r e nt , a m i d  e n  o f t s e - t  c - x i s t c d
l i e  to d r  t I t  ;i u gn ’  . Pre - c -  m t  m a n i a  mdi  e t c - s  C c i  the  i l id  r t ia l  p l a t f o r m s  used  as

a d r i f t  ; m n g le- s o u r c e -  h ; vt sm a l l  ; i l i g m i m m m e - n t  ( i u e a d m r u g )  e r r o r s  t h a t  I r e  re f l e c t e d
in t i e - d r i f t  a r u g  Ic- ou tpu t . I- r o m n  I i  i g h m t  da ta  the  sc e r r o r s  appear  to be li-s s
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t i c .  ii  I i l e  g r e c i i i  m u ;  n i t  t i d e  , a m e d  u t  a n i~t t ’ t  r s t h a t  hi . -  Se - e r r or s  ar  Oe c u r  re c—
t . - d  t h r o u g m u  p r e c i s e - p l ; t t l o r m m m  n i i g . u m u e t .

4. 3 , 2 l h - e c i c h c - r 1 A u l e r o n  Cro~~-i f , - - d  - \o g m e m n e - n t  Conf igu r a t i u r ;

4 ,  ~~. 2. 1 f t t c k gr o u n d

L i e -  r u m i o . i ; -  t l t gnrni t - nt c o m i l . g . r u i t l a - i l - s c  r i ; . e d i n  t i e -  p r e - c e ’ i u m u g

~~e c  t i u n  of t h us  m a - p o r t  d i f f e r s  i i i  s e - . e - r a l  m c s p c - i  i s  f r u m u the o r i g i n a l r u n w a y
n l ; g n n e - u t  c o m i l  u g ; r a t i o n  ( m i n t  i s  d i - s c r t i - d  ri Fe - , u m i O t ~ h e - p o r t  A i - I  D L — F R —
7 —~~ 7 . F l u e  m a j o r  di i  Ic r e - r i c e s , Wh ic  0 ;~ r c -  or ~I l u t e  r d y  t i , - r e - s u i t  of f l ig ht t es t
d~- v e - l u p m l e’ nt an d  m m i i .  m o t e l  c on t ro l  cons~~cie - r ; t c e , m , ~ W i L l  a t-  h i s~.~~s s e t i  i n  h a -

f ~ - P iv i i  in r ;  r i ~i s

i c -  o r i g i n a l  c o m t l u - g u e r t t t i u :  . t I l e - i t  - i  20 sc - c on .  ;e shou t  i a - u t

o ;-e r ; t t e -d  U i  i i i - t i P - r o n  c h a n n e l l c : o u i n  t t r l f l  e - g ; m m i i m g a t t ; . e  a i ; g m i m en t
e ~~~~~ p a i nt . TLc  r c i r u w n v  h e a d i n g  e r r o r  w a s  , e - r c , c - d  th roug h t h i c -  r u n u e  r

a s in the  c r c - s e n t  c : o n f i c t u r a t i o n .  ) u ; r u u u g  t he  t i m n e -  pe r iod r e - q u i n t - u
to  close the  r u u i w ; a y b c - t i e - l i n t ;  . - r r r , t h e e  Lv ; S i ; c . ; I t  c u r u  n i t  c i  t oe  au1e r~~n L h u l e l u —
i’t e l  \‘. i c S  a l s o  ; t c t i m e g  to r e m i i , e -  t i ;e  a u n - r o m  ch; mt ne ~ i . e  ; e d i n c. u - fe - - r e n c e - . W m u e n

t . e  a c t ual  t i r c r a ; t  h i e n n u n g  \ i - o s  z t - u o e - d , a f t e r ; e p p r o x i . r ; e t - I y  b Se C O n ds , t i n -

t . : t ; c t  a t  t h u e  w a s i c u t  c i r c u i t  r e - s u i t e d  in t i c  tue  ~e - s s ; t r v  w u n g — i , ~i a t t I t u d e -
c o r n e ; u e  mid. F l i t s  o a t p u ;t  w o u l d  t h e n  Ut - cay w i th  a .~ s ec o n d  t i m e c o n s t a n t .
IL c u t s  ;j s s’ .~~~~e - d  t h a t  the ;c l i g n r n e m u t  c m g : c g e  -1 u~ m t  w-i~~Lu ; c- ;.t or n c - I c r  the f l a r e
e n g a g e -  point , or 10 to 15 s - c o n d s  b e f o r e - -  t o i u c : h u d o  c m , so t h a t  onl y sm n a l i

s - n  t h e  w a s h o ut  output would o c c u r .

i’ f e -  p r e s e t I o m u l i gu r a t i o n  W a S  ( I t S i g m i e d  ;r - . ic - cc of s e - v t -  r i - i l ; t d d i —
t iona l r e q u i r e - ri m e - i t s  w h i c h  cia- re ( - s t ; c i l l S f c- d  fol1c~~ ~n g the  ; m ; i t i ; i f l i g h t  tests
t u s  i m u g  t i ; .  o r i g ina l c n f u g  - - m u t i u n e ,  T i e  t o l l o w ;n g  capa b m l i t  i c - s  cct re - f o u n d  to
he r e -  c_ c - 5 5 0  r v  . it WO  s found dc-s ira h e -  to  H u m i  n i L e -  t h e -  lu gn m e  mit a t  a hi gh e r
; t i t u t t c l c - t ho m - i  ,e.- ; t s  o r u g e i ; m l u y  il;tnned. In v iew of t h i 5 , t i t e -  ali gnm en t  t_ o n l u g —
c r c  t u - i n  wou ld  ha - ‘ c-  to be - i t t  p ;e ble of m a  mi t t ’ .  do ing  the f o r w a r d  s LOe — s l i p  fo r
g r - a t e -  r p e- rmouu of t i m e  t h a n  the 20 se cond t ime  c on s t a n t  ~ r m i t t e d .

/~ m u o t I e l r cons h e - r i - e t i o m i  p e r t a i m u e - d  to  t t i c -  r u n w ay  ; n l u g m u m i e e - n t i- roll  out
g c u n ;t t i c -  L i ; t m i s i t i o m , .  ti d c - i ’  c o n st a nt  c r o s s w in d  condit ions , it w ;e s  i c i u m u d

m a -  c c - s  so ry  to maintain the’ a l u g  m i m e -  x t  r u d de r ;~ rid ;e i i t - r m u  p o s i t ion s  d u r i n g  the
r o m i  ‘ i t  g u i d a m i c -  p i a - . c -  . T h e  o r i g i m e ; e _ c o l t !  i g u r ; e t u c mu i n c l u d e d  p m - u \ - i s  io ns to
t e i i i i m L t i ! i  r u e - P i e r p e a s i t u c c r  a f t e ’ r t o e c  hdowm i  b at  did riot i n c l u d e -  p r c a v i s i u m i s to
do so in. t i - me -  a l i e -  norm c h i n  m i m i c - I . t h e -  u m u l  u g l u  ration t r ;e  m u s f e  r r ed  to a w in g  le ve l
c o n t ro l  m ode- , w i t h  a nc’ utr tt l nile ron control surfac c -  r e l i -  re nce , at tic echi —
r l c w  m u , S ine  e - t h e -  i - u i  r r a f t  g e - n e ’  ra ll y t o m u d i e -  s down w i t h  a b a n k  t i n g le , trans —

Ic - r to t , e w i n g — I c -  v t - I  re- i t’ r e - n t  e ’ ~ri th is rn am m -ue - r ge -n e  ra l l y r e s u l t e d  in r a p id
r~ m n o v a l of the upwind a u i c - r e  i m u . m l  is was unde si r u e  ole- , s l i i i  - care mus t  l e t ’

t ak e r to avo id  r a i s i n g  the u p - w i n d  cc m u g  unde r c r o s s w i n d  cond i t ions .
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A f i m ~;~ i o m t s  i d e  r a t i on  pc r t a  inc  d to Cu e - -  c u r r e n t  con t r ac t  r e quir e  —
nut” i t t  to i m u p le’ me mit a m m e ; e  iOu cont rol capa u u i i t y  . The washe d out heading
a p p r o a c t u  w a s  riot su ite - U to rnamiual ope ra t ion , s ince it did not provide  a
steady - s t a t e  bank command.

W i t h  t h e ’ s -  c m u s i d e  r a t i o n s  in  mind , add i t iona l compute r s tudie s
Ic e -  r i  pe Id - r o t c - t i  to de c c - l o p  an  ali gnrne- nt c on f i g u rat i o n  w i t h  the  d es i r e d  - n p —

i t t  i t t  i c - s .  T he c u r  r e - n t  - o i l  u gu r a t i o r  m a e - s i gn  is h a  Sc  d on a re lat i o n s h i p t h a t
e \ ;~~~t5  i c - t \ c e - e t ;  t i n  i m m u ~u ; nt of rudde- r t t t i d  the-’ ; i m n u i u u ; t  of O l i n s  ;i ;eu a il e ror .  re —

q Li i  r.” d c ur l  m u g t e 1 m g  orne m t .  1 h u t - a mount of conk and .m .1.- r un  r e q u i r e d  w e -  re
I ‘ . i u , m e-l to  ne a ip r o x i  mu ~~tc ly p r o p o r t i o n a l  to ru de - i c ’- r p o s i t i o n  wu ic i  l e d  to L i t -
- - u r r e - it  e n e f m g u r ; e t i o n  t h a t ”. uses  r u d d - r / a m i e - r o n  channe l c r o s s l e - e - d s  to gen-

e -  r at e  t I e -  W i O m ~ — P~a- a t t i tude  or  u c u T  t imi d  and  an aile i-on p o s i t i o n  command .

4 .  3. 2 . 2 A n u ~~~ n t ; e c- S

r i t e  r u d d e r c o mn u a mid c r u s , - u ! c - e - U  t e c k mt ~cj in -  s a l l ows  the al i g n m e n t
mode to ie~ e n ; ;c g e - d  at any a it i t a u t -  e - in~ r Lug  the 1 a p p r o a c h  and is compati ;ii -
‘.c u t i u  na 0 t u e  1 c e - m e t  rol  te - - c h : u ; q u i e ’- 5 , S n i ce -  a f u n  r d  a t t i tude  corn rnand r e fe  rence
u s  p r o v i d e - m a . D-~ r . e ’ug t in -  g r o u n d  roll t r a n s d t m o m u , t h e -  use of separate ail - ron
e o n  b a n k  c r o s s t c - e - d s  a l l ows  the  aile ron pos i t i on  c r o s s m e - e d  to r e m a i n  ac t i v e

cc ~t i i ou t  c- i c -  t to the comma nd d i sp lay,  w h i c i i  w i l l  a t -  in  a c c - i - g  le ve l r e f e r —
c - m I c e  ;u Oe- u n  r o i L  out . In this manne r , the cP- - s tr v d  ai l e-r o n  posit~ on r c - h - r  —

e i C ~~ i~ r e t a u n e d , a m - id I c in g  le ve l con t ro l  u s a c c o m pl i shed  about  th is  s u r f a c e -
pos i tion .

4. 3. 3 A ’ i ~~i tion  of 1- lou Rate  to Display Computation

T ie  d i s 1 1;ey c o m p u t a t i o n  w as  i m p r o v e d t h r o ug h a d d i t i o n  of a rol l
r a t . -  t e r m .  Su e t  - thu rate- te rm is pi n of t h e basic aile- ron c o mn r n a n d  corn-
p i e t u c t i o n , cu m r e m n i l i  mu d/ d i splay dis c r ep a n c ie  S We-  re s o m e t i m e s i t o t t - d  b e f o r e
thei s t e r m  w a s  in ’.  l u t e - c f  u the  d i sp lay c o m p u t a t i o n .

4 . ~. 4 I -l e a d i n g  C l o s u re - 100% A l i g n m e n t

t he ’ m r i i i m l t e i  c o m e l i g u r a t i o n  inc luded  p r o v i s i o n s  fo r  an 80% ali gn-
- t ie nt m u - h e r  t h a n  C in s u re  t~~ 100% of the  r u n w a y  h e a d i n g,  Th i s  was  to avoid
sa t u r a t i o n  of the ne i c e  co m m a n d  l imi te r c i r c u i t  w h i c h , in tha t confi gura t ion ,
was p i  r t u - n  i y s a t u r a t e d by the por t ion  of the command  si gna l r e q u i r ed  to
ge - ne ra t e’ t I - s t ead y - st a- a i l e ron  de fl e  c t i e i m u  r e q u ir e d  d u r i n g  side -s l ip .  In
c - l i e -  t , ;e p e i rte ce m i of t h e- 5 d eg r e e  l i m i t  value was  used fo r  a i l e r o n  deflec-
t i on  ;t med a l o r t i o m e  was  e sc ’d f o r  ; t c t i u ; e  1 h a n k  co m m an d .  This  a p p r o a c h  re —

s- c it. d in  an c - f t c -  t i c - c -  li m it conside r a ; i ly  lowe r t h a n  the  + ~ degree  value and
a lle y - e d  th e- h m m u ’ . . -  r to be s a t u m - t te - d by a c r o s s w i n d  of app rox ima te ly 20 knots.
U s e -  of t h e e -  80% uuli gmu i m c e - m i t  was a m - e t - a n s  to e xit -nd  the c rosswind  operationa l
r u i n g . -  of t h e  s y s t e m m i .
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m\ c i i i  t hee  pre se nt . u m c m m g c u r ; u t u o n , S i O ce  t h e e  a i c e - r u i u  p o r t i on  of the - -
c m  U s i g m u i c  i s  t i t p u i c  e f  - 1 c c~’ m s t r e - t e r n  U t  t h e  ; en k  o m r i i t ~ mn~ l i m i t e r , s a t —
or a t i o n  at the  l i m i t e —  r u s not a p r o m ie m .  In the p r e s e n t  con f i g u r a t i o n , a
100% t i l i g m i m n e nt is used . i h i e s  is i - en a dvan t age  u v e - r t h e -  p r e v i o u s  conf i gu-
r i t i -  -a , s u r . i c” c - c - C - n  s m a l l  b u e t e d i n g  e r r o r s  at t o u c h d o w n  w i l l  h a v e -  an a d v e r s e

c - t I c - c t  00 u-~ - I 1  e - ti p c - r f t - r i r u : t n c e .

4 ~ h h ~~~t 1 , - s t  ( J : m t j r i i L z t t i o n  — Ga im i s  t u r u d  ~~o i u t r uj  R , te -~
Vi e - r e m n a i n d - r  of the -  n e - v e l o p e t e - r u t  w or .-  w t h  t h e  re s e n t  e o n —

li - r - t u i ’ m i  i nvo i c e - c f  t h e  e - s t u t t i t s } u m e n t  ‘ m l  o p t i r m u m ~ m it  s y s t c - r n  g a in s  t i O d  I o m i t r o l
r u te s. The g ai n s  e n d  c o m m e m e i t i n d  r : m t - s  v t  c u e r r i v e - d  a t  ih r t ~u u g b f l i g h t  tests
u s i m i g  i i t i i I L C e ) m n p u t e r t a t ,  15 a n e - - i t - r e - i c f or  in  t l t 0 h t :t d ~e u s t m m i e - m i t of
S y s t e m i c  pa r u i r i i , - t e - r s . P a rt ic u l a r a t t en t i o n  w a s  d u - ; e n to  t h e  e s t t c O l j S l r r i - e - r i t
Cd sy s t e  iii g t e u m m c  t t i u i t  p r o v i d e d p r - ) e - - r t r u t u u , , m t c u ,  m o m - m e  i - - C d 1 / e - r t r a c k  to

r c c u e r d  s ide- — s u n , In b r i e t , t h i s  i m ’ e - ; - l ’;e -d t ; i u l - - r t  mm L t t c -  r n i e i e - r / a i i e r o n
c r - s s l e e - d  g a i ns to o ’ t :i in  coord ina te d r i n : lc- n i t e u . c r o n  n i - i n k  c i n t r o  d u r i ng
t h e  t r a n s i t u e r i p - r u m i d . l i - c a i i g m c t L . .  u t  r o t e -  as u t i s o  h o u n d  to ic i- c c r i t i c a l

u m  e - s t a b l i s f u t m g  o p t i m um -n  p e - r f u r m m m t t m c :c ;e ls .  I re t t u i s  :- e g t e r d , the
h c - o d t m g, rudde  r coins  and  P ie -  rudde r cu -i m e l  E ull  1 i l l  IC C o m m u n t e  rid Modi -
f i e r  r i - e t c  d c - r e  ad j u st e d  to a l l o w  the l i g n m r i c m u ~ to ~ , e r i o r r f l c - m l  w i t h  m i n i —
m n u m n  y a w  / r e - l i  coup l ing ,  l ie  sy s t e -  r - m go i l l s  s t o w m c  in h .  r u r m d c - ; y i - e l  i g r u m n e -  nt

l ode- funct iona l b lock  t hag r am s  T e l  I c  ct t i e-- s y s t e m - n  g a i n s  a r r i - - c - d  a t  in t h i s
m a u l e r .

4 . 4  F LIGH F 1 1 - S F

4 , 4 , i P e -r i o rm a n c e  C r i t e ri a

h e  r ’ u i e d c ’ ; . y  e i i g n m n e nt n e u u e m c - u\- c - r is c m u m t m u t t e - d  i - c t  i - u n  i-i t i t u l i l e  ci
I ~ e )  e c - t  a m i d  e. o n t i m e u e - s  u n t i l  t o u c h d o w n ,  I ) u r u r g u i u u g n r n e -n t , t u r c r u e I ’ t h u c - t u d —
.n g  e r r o r s  t i r e  z er o e d  t h r o ug h rudder ac t ion  and a w i n g  - b ce a t t i t u d e -  in to
t h e  w i n e -u  I s  c -  ~~t u e ~~ h i s i u e - d  to c ou n t e r a c t  d r i f t . L o c a l i z e - n  t r a c k i n g  con t inue s
L i. r -a u u g l o te t  L i e  i t  h c g m i i m e - nt m i u t n e u v e r . Dur ing  the  a l i g n m e nt p I e t i s t  , the key
o ;el ral l  V ’ n f o r m r u a n c e -  p a r ame t e r s  a r e  head ing ,  d r i f t , and  l o c a l i z e - n  ic -a m
d i sp lace m m e e n t .

4 . 4 . 2 Sys te m P e r f o r m i i a rice

S u r e  c c  a l e c  ob j e -  c t i v c -  d u r i ng  al i g n m e nt is c b s  i i r c -  0 1 the  a i r c r a f t ’s
l i e - t i  ding e- rror , the a u t i l i t y  it close-  t h i s  - rror ii m c i  t h e -  m c i - i t  l u r e  oi the  c l os u r e
c l u e  r u - m c : t e  r i s t i c  is One PC r fo r rnance -  cons he r u t u o m u .  l i m e ’  e~ xp e r im e  ntal co n —

u g e e r a t i o n  as  c - e n  c va lua te -  d exte mis ic- e l y  i t  f l i g ht  cond i t ions  whe  rc  i n it i a l
c ra  r, ang le- s v a rb - d  ove r i t  range of ic no to a p p r o x i m a t e l y 8 c g r e t -s  a rid on
some occas ions  were -  as hi gh as 10 to 20 de g r e e - s .  The-  s ys t e m g e - m c i - rally
c loses  h e a d i ng  e r rors wi thin 5 to 10 seconds  a f t e r  m r e i t i t i t u o n  01 the mane u-
c- e r  w i t h  no ove r sh oo t  of the  ze r i  re fe -re m - i t t - .
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The d r i ft  ang le c losure c h a r a c t e r is t i c  w i t h  t h e  e x p e - r t r m i e - - n ta l
on fi g u r a t e c i m -e closely matche s the heading c h a r a c t e r i s t i c ,  ( ‘ e r i e - rally ,

t h e s e  p a r a me t e r s  close at the same rate and conve rge  at zer o  at the
same time .

As the a i r c r a f t  nears  the touchdown point , local ize r  t r a c k i n g
}.ecome s increasing ly impor tant. The abil i ty  of the sy s t e m  to t r a c k  th-
loca l i zer  beam d u r in g  al i gnment  is a p r ime  ove ra l l  sys te m pe r fo r mance
c o n s i d e r a t i o n  i - es  wel l  as a m e a s u r e  of ali gnme nt p e r f o r m a n c e . Localizer
t r a c k  p e r f o r m a n c e  d u r i ng  ali gnme nt is gene rally v e r y  good.  in the major-
i ty of e - i t S C 5 , t r a c k i ng  e r r o r s  a rc  less than  10 }-ca beam d i sp laceme nt i-tnd ba re l y
m e t e , -m - j r a b i i n -  t h r ou g h use of cock p it i ns t rume nts.  Touchdowns  a re  gene r-
a l l y w i t h  1 mm 10 — 1 5 I i -  e - - t  of the r u n w ay  cc-r i te  r l ine

V u  i l l u s t ra t e  sys te m p e r f o r m a n c e  d u r i ng  the ali g n m e n t  mami-
e - ’u v e r a statistical approach has been used. The technique s emp loyed are
e - s s e n tia l l y the-  s ame as used in the localize r t r a c k  phase of the approach .

F ig u r e  18 shows loca l i ze r  de viat ion f r e q u e n cy  d i s t r i b u t io n
c h a rt s  that re f le ct m e a s u r e d  syste m per fo r mance ove r app rox imate l y 40
ap p r o a e -  h u e - - s . The data presented here is e s sen t i a l ly an e x t e n s i o n  of the
localizer t r a c k  data presented in Section 3.4.4. The data points were
take n at 100 , 50 , and app roximate ly “zero ” feet  above touchdown ( z e r o =
touchdown-I second).

Fi gures 19 and 20 show frequency dis t r ibut ions  for  heading and
-i ri u t ang le t i t  the same data points. When evaluating this data , conside r-
a t ion should be g ive n to the fo l lowing fa c to rs .

-\t the 100 fo ot data point , the t rans i t io n to the ali g n m e n t  mode
is s t i l l  in p r o c e s s  s ince t h i s  point is approx ima te ly 5 seconds a f te r mode
engage ment . A t  the 50 foot  data point , the ali g n m e n t  t r a n s i t i o n  is gene r-
ally complete d . For th is  r e a s o n , the 50 foot da ta point is a more re liab le
m e a s u r e  of s y s t e m head ing  and d r i f t  c losure ,  The f ina l data point , TD- 1 ,
o c c u r s  I second be fo re  touchdown.

W b e e - m  cons ider ing the magnitude of head ing  e r r o r s , it should be
noted th a t  the p r e se t  course  data shown  at each data point is u n c o r r e c te d
h e a d i ng  e r r o r  f r o m  the a i r c r a ft ’s compass sy s t em.  Since th i s  is uncor-
recte d h e a d in g  data , i t is subject  to normal  compass syste m e r r o r s .

4 .4 .  3 S um m a r y  and  Concl i~~ions

Fl ig ht tes t  r e su l t s  obtaine d throug h use of the exper ime ntal
al i gnme nt confi g u r a t i o n  ha ve been  in ge ne ral  ag reeme nt wi th  per f orm ance
le vels p r e d ict e d  t h r o ug h analog compute r studie s .
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The syste m is capable of good ali gnment  pe r fo rmance  ove r a
wide range of c rosswind conditions . No fu r ther  improve me nt s are anti-
ci pate d in this area since per formance  is sa t i s fac tory  in all respects .
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SECTION 5

Ex 1~i R I M E N T A L R O L L  0U 1’ ( I L ID A N C E  CONFIGUl ~A V I O N

5. 1 G E N E R A L  DISCUSSION

[ i t t -  cal cont ro  of the a i r c r a f t  while  on the g r o u n d  d u r i n g  land-
t ug  or t i k e - o f f  is  n e c e s s a r y  to main ta in  r un w a y  cen t e r l i ne  t r a c k i ng .  At
speeds i ho - - i- 8 f f  knots , control  is accompl i shed  t h r o ug h the ru tJu e - r .

T he-  e x p e r i m e n t a l  r o i l - o ut  g - - d a n c e  conf ig ur a t i o n  p e r f o r m s
cost  r ol /h i s  p lay c c ) l m u p u u t a t i o h l ~ : c c c - s  si ry  for  t r a c k i ng  the runway  cente r —

b u n . -  d u r i n g  lue n d in g  “ o l i -~~ut  or d u r i x u ~ uo ~~e o l f / t o u c h - ar i d_ g o  m a n e u v e r s .
Ti~~- c o n t i g — ~~m - ; e t i o m  is c u e - s i g n e d to p rov ide  au t o m a t i c  d i r e c t i o n a l  cont ro l  at
sp c ’c - U s  ab o v e -  i i e  sO knot , m i c u e l t m u m  r e -udde r e ffe c t i c - t - T i e -  S5 ai r speed . Pro-
v i sions  ar e  u r i c  luded 11cr e i the r a u t o m at i c  or ma nua l ( display only)
Ope r a ti e  o t .

l) u r : i - c g  l a t i d u e u c , t i e  mode is e - - n g a c,ed at touchdown (sensed by
main  l i - e n d i n g  c i - e  r s~~a;e t s w i t c h  c io sur e )  and re- mains  ope ra tiv e  unt i l
manual l \-  d i s c o n n e c t e d hiv t he  p i l o t .  D u r i ng  t a k e o f f , the mode is engaged
au t om a t i c a l i v  c t }t e r  the - - e i r s p ee d  r e ac he s 80 knots .  In this case , the mode
is d i s c  u m i n t - c t e d  ;e u t o m m i a t u c u e lly w h e n  t h e  ro ta t ion  point , w h i c h  is sensed  by
the a i r c r a l t ’ s l’~o t a t ion/ Go-A round compute r , is r eached . A b a c k - u p  dis-
conne c t is i-~~~i - ., p rovide d c c - b e - n  th e  iu 1 . / l u n g  g e - a r  squat  sw i t ches  open .

5. L I cP N C ’V I O N A L DE SCRIPTION

b l u e -  expe rime’ m e t a l a u t o m at u e -  and manua l roll out guidance con-
fi gurations a r c- s ho c , m i un i u m c c t u o r c t c l  block diagram form in Figur es 2 1 and
22 , re sp e c t i v e ly.  In the -se  conf igura t ions , direct ional control  is accorn-
pu shed throug h the rudde r channe l whi le  the a i l e ron  channe l operate s to
maintaimu a w in g - l e v e l r e fe r e n c e .

Th ~~- c on t r o l li n g  si gna l s  in the roll out guidance mode are local-
iic- r beam e - r r u r  ( ) and  r u n w a y  heading  e r r o r  (~~~~ 

cor rec ted ) . The
b u t  . e l u r e r  s i g n a l  is th e- s~ s t e - rn control  r e fe r e n c e  f0~ 5c 

s t e e r i ng  to the run-
way e n t c r l u m i e . The r u n w ay  head ing  t e r m  provide s t r a ck  da mping , in
c’injun t ion  with  the-  a i r c r a f t ’s yaw dampe r , w h i c h  is also ac t ive  in the
roll out guidam i c e -  mode .

R e f e r r i n g  to Fi gure  2 1 , Rol l  Out Guidance - Auto , the localize r
bear-n e r r o r  a rid r u n w a y  head ing  t - r r o r t e r ms  a r e  summe d and applie d to
th e rudde-  r channe l d isp lay when  t i - c -  roll out guidance (ROG ) mode is en-
gage d .  F le e - -  comb ine d control and dam ping t er ms  a re  the n applied to an
amp litude l i m ite r tha t  l i m i t s  the max imum rudde r command to + 15
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~i e - g r e e - s  t i m i d  to ~e 1- ull F i m m e t -  Comm and N - l o c t m c e - r  ( [ - 1  ~~~l )  t I t i t  i im i t s  the
c/ m m i m t m ; c  I l l  r a t e -  to + 4. 5 d egr ee s/ s e  c o m i c . i h e - s e  c u r c u u t s  Se-  r e -  to m i r n u t
t l ~.- r~~e- 1e1e r s u r f a c e - ’  d i sp laceme nt and  rudde r c o m m i m n a n d  r t e t e  to a c e - c - pt —
c i  nh  ~ ce lu e-- s . Fli e - F-rCM c i r c u i t  also pe r f o r m m u s  -t  c o m rn a  nd s m o o t h i ng
f u n c tio n  at the mode e ngage point to preve nt rap id ( t r a n s i e n t )  Su r f a c e -
d i sp la ( e - mm e - m i t . Fhe l i m ite d command si gna l is the n s u m m e d  w i t h  the
r t u n w c y  i l i L l u I f l i r i t  mode in teg ra to r  output , and t I~~-r i  app lie d to t u e  ruu —
;~- c se ~ - c c  t u a t o r  con t ro l  loop. F i t e  r u n w ay  a i i g m c m e nt in t e gr t t t o r  is

n~~e d m. s  a rudde r s u r f a c e  posi t ion r e icr e n c e  iii the roll  out gu i d a n ce
-n - u , - . Tt ~~- m m i t e g r c i t u r  r e t a ins  the output  si gna l de ve lope d d u r in g

i - t i  i g m m i i -  1.1.

In  the -  i-I u l e -  r i  I T ;  c h c L  t u n e  1, the ro l l  a t t i t ude  i-i nd u- oil r a te  te- r rrm s
- - - -crate- t i  m t c i n t a i n  i- c \ e - - i f l g s — i - v e - l  r o l l  a t t i t u d e  d u r i ng  th e - ro l l  out
g u i d e  e - m l ,  . T h e -  r u u m e c c a y  ali gnme nt i n t e g r a t o r  re n m t , i n s  in ti e - - s i g —
T e e  I c h a i t  - ( r io i :e~~ut i-t pp lie d) to prov ide--  alt ailc r - - a sur 1~c c c -  posit ion
r e f e -  r e - r i c e . W i n g  Ic c-el control  is accl  - m e e p lished ab o u t  this  r e fe r e n c e
posi t u - i n ,

n t u e  u c u i c e - j a l  c on h i g u r a t i on  s h o w n  in Fi g u r e  22 , t he  rudde r
c m I t ~ue1 c i - m u t r o l  and u a mp ing t e r m s  i - c r c -  s t u m m e d  and app lied d i r ’c t l y
to t h e  r ccde r c o r m i : m m i r i d  d i sp lay.  }- r r o r  c losure  is a c c o mp l i shed  h y

C p i l O t  t } r u i c g h use -  of the rudde r channe l fo rce  w h e e l  s t e e - r i ng  con-
t1 ~~ e r a t i ~t ;. -Fhe yaw da mpe r is also ope rat iona l in th is conf i g u ra t i o n .

ir . t i e - a u l e  r o l e  channe l , the  a t t i tude  loop s ig rea ls ar e  app lie d
to the  A b 1  r -~~i c u n u m ; e , e n d  Lia r f o r  wing le ve l r e f e r e n c e .  ~\ i le ron  control
is e o t a p l u s i t - d  by t h e ’  p i lo t  t h r o ug h use of the rol l  f o r ce  whee l  s teer-
i m u g  c e  - t u f m  g u n - i t i ’ m ,

5. 3 S Y ~ 1 1- . M 01’ l b  MI ZA  1 ION

5. 3. 1 F - t i e - c t  c I t  G u r r ij ~~~ss Sys te m E r r o r s

~~~ 3 . 1 , I P e m t - c r r n a n c e  E f f e c t s

In ‘ m , - m U  -out  g u u d c n c e  phas - of the app roach , c o m p a s s
S~~ St e  m m  r e r c v a ’~ L e n t .  eng o f f s e t  er r o r s  ge ne rall y resu l t  in runway ce nte r-
li ne- ri - u  c~ omg o f f ~~ e - t s .  In  t h u s  mode , head ing  si gna l o f f s e - ’t s  can only be
c - m i n t  c- l i e - e l  in  the -  su g n a l cha ins  by ci p ropor t iona l amount  of b ea m  e r r o r
s i g n - e L  I i i -  amount ol a ~ui l of f s e’ t is de t e rmined  by the e f f e c t i v e  beam
to m c e - a ( t u n g  g a in  ratio . S u m u c  e- the e t f e  c t u \ e -  beam ga in  varie s as the air-
c r a f t  ne- a rs t k e e  l u .  - t  l u  z~- r t r a n s m i t t e r , due to conve rgence of the beam ,
tee ’ ; t d i i m g  C - m l S e t s  g e - m c i - ra l l y do not r e s u lt in constant  t r a c k i n g  o f f se t s  in
U- r r im s  of late r i - e l  d isp la c e m m  cc- nt f r o m  the- runway cente n ine . A~ an cx -
•cmp le , i - i 2 to 3 d c - g r e - c -  l e a d i n g  o f f s e t  wi l l  cause the a i r c r a f t  to t r a c k
a p p r o x i m n m t t e l y iO t e - e t  o i l  t l u e -  runway centerline dur ing the initial pa r t
of the roll out . ih e  magni tude  of the t r a c k i n g  of fse t  will  then  gradual ly
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de crc ase as the aircraft nears the b u t t i l i z e r  t r a n s mu t t e  r and t i e  e i f e  ct iv e
P e t e -r n  gain increases.

c , ~, 1 .2 Error Compensation Technique

l u  f l i u l e i m m i i / e  the e- ~~le ct of head ing  o f i s e t s  , a w a s h ou t  i r c u i t  was
acld. -d to t h e  h e a d i n g  te- nm U n i t  is used in the ro i l  out gu i d an c e  c o m p u t a t i o n
am id  c - v a iu a t c d  d u r i n g  a nu rnuc r of I b i g i c t s .  In t h i s  u m ; f ig i r a t i o n , t he -  rol l
out g u i d i n c e  h e a d in g  t e rm  was applie d to the  w a s h ou t  c i r c u i t  ir uu u t  in f l i g ht
at an alt i tude  of 50 ~e- e - t .  Since the a i r c r a f t  should  be ;u i l y a li gne d at t h i s
altitude- , it was  a s s um e d tha t  the  h ea d i n g at  t h i s  point  would be t i - c  h e a d i ng
at  t o u t  T ( l ~ -cc n. In e t !e c t , th e w a sh - ut  c~~r- c c u l t  would up date the  h e - t e e - l u n g  refer—
e r e c : e -  t e -  ac~ c - j e t  t h u s  ! e e - n d i m m g  a ~ L m e -  a ; - tua~. r u n w ay  I l e - a d u n g .  Late r in the  d e —

- e - l u n r n t - m i t , ~t e - , ’c- c- c- c - n , k i e -  rol l  t t t t  c o m e i u g i m r  m L i u i ;  VtI S ch a i i - g e ct to allow use  of
U I r a -  m t i o ~~y co r r -  c t e - c ~ h e a d i ng  s i g i - t i - i l. The he--~~-d~ng washou t  c u r -  uct  dis —

c u s sed  in t h i s  ‘.)arag raph was disable u h u b  is not j u i c iu de d in the b lock
dia ~ ra ins.

5. 3. e . 3 S c u n e m n a r y  of R e s u l t s

I P e  e r i m m e i - . c r y  d r aw b a c k  to use of the w a s h o u t  c i r c u i t  w a s  t h at  the
he a d i n g  e s t t i u l u s h e ’ d d u r i n g  a lignme nt was  not , in all cases , the a ctual run-
way h e i - i c i e m e g  ( u . e- . w h e n  the  compass  e r r o r s  d u r i n g  a l u g e e m e nt causes  the
a i r c  r a f t  t o  a l i g n  to arm i n c o r r e c t  h e a d in g ) .  Unde r these  conditions , in the
r o l l  out n i i , d e  , t h e -  s y s t e m would  :et t e  r e p t  to m a i m t .  in t h i s  in c o r r e c t  heading
r c - f e - r e r ;~ e - , This r - s u i t e d i f l  ar-u t n i t i ~~c t r a c k i n g  e r r o r  wh ich  re maine d unt i l
su f f i  a- nt t im( -  c - l a p s e d  ~ur  the head ing  e r r o r  to washou t  d u r i ng  the roll out
m m u e m e - u ~~er .

\e’, eU the a r e - s e - :~t c o r i l i g c e r i - e t i e - , c, t i - c -  t i e  r t u i - e l l v  up d a t e - U  h e a d i n g
S i g l i - c e t, ee s e - ’ l  i m i  o e - a  u l  t h i s  c e - - I t s  bout c o m 1 l u g t u r a l  k m  e e -  t e chn ique  used to
c e r t a  m c  t h~ ’ s u g n ~e I is d u s ( .uss  d in the  r u n~e--~ ~

- i.~~ g n m I m e - n t  se c t ion  of th is  re —

port  in t h e -  d is  is s ior i  e e l  l e e - t i d i n g  o f f s e t  c - l i e -  t s

i~(~ ‘— t  r e  S t i - I t S  t e e  e l a t e ’  m d i  e t m e t e  t ha t  i- c n i r n p r c  - \ t e - t , i - c i t h o ug h not
a e~ e - ; t V s  e - x i - n t , r I u r 1 c e -  :e y l e a d i n g  re le r ence  us  o t i t m e i ne d t h r o ug h use of the
i m ~~- r t u : m I 1 v  c o r e . - - t ed  k m e i e i i m u g  t c - r r n .

- 3 . 2 C o n f i g u r a t u e mi h~~j~~ y vc- _m m c c ’  m e t s

Th e - - m- - , I L  out  u - t r i t e  m c . -  o m i l i g e u r a t i o n  c i t - s c  r u b en  in t h u s  r epor t
t i le  rs cmi S c  ye r . i  r e s pe c ts  u r o m n i  the o r i g ina l c o r i fu g c u r c t t u o n  w h i c h  is d e s —

r u r - d  in le chn i ca l  R e - p o r t  A F F ’D L - l R - 7 1 -9 7 .  These  d i f f e re nce s , w h i c h
a re p r i m a r i l y the  r e s u l t s  of ~y st e  m flig ht tes t  dc velopmne nt amid manual

I m u t r u  / on side rat ion , wi ll be d i scussed  b r i e f l y in the fo l l owing  p ar a g ra p h s .

I ) -;



i h c- g e - e e c -  r i - e l  C un f i g u r i - c t~on s h o w n  in ha -  r ot i  - e l  g l C t l u : e e e -  i U m ~~ t —

t i - t i  u i - c l  bh e- k t i - c e  r ; e  m i - e S  i s  s m : ~ 1 tt r  I ru in  a m u m  c C  i . e  - - c c i  p u t m c t  of va  w to t h e  c o m u  —

l gcu r c i t l o m i  d e s c r m u t - d  i - I c  A1 cFDL_  l ’ R — 7 1 — 9 7 . It sho uld ae~ m e - t e d , h ucv ( r ,
t l i - t  t t I - c -  p r -  Se m c i  - o m i t  u g u  m a  t u o n  inc lude s a se-  pa r a t e  r I , i i  ou t  g i - u n d a  l e e - c -  si gna l
~~t t t  i t ;  ‘vh ~ le • u i  t i  1 O I u ~~ ( ‘ m l  i g l u r i - i t u on  p o r t m l m e s  of h i -  r u n w a y  e l ~~gn i rn e n u t
it e g r t m  cha in  w - re u se  ci b r  r o l l  c ) I ~ i. g t u e - i i - i  ru e -  - The  .- sse u it i a l  d i f f e  Fe nce h e r e
iS L I t ~~e p a  r u l e -  c ( e m m m m m u t e m u ( r  l u n i u t e - r i t  ( a m p lit u d e  and  r a t e - )  a r e  p r o v i c i - d  w h i c l i
~t e  - \~ S t t ~ e - l i  j ) e m u ( m e -  m e t  a d i a s t n c at  of the  l~~ - e i t  vaL~c s.

i- i ci r ,t r - t e l  p o u m u t  of cue  w , t j e e - p r o s en i . c o n f i g u r t c t i o m -e Lfl l e e e - i e - 5
s e e  r u b  p r c - ” i s i o m e s  i t -  I c~ e re  not t t  tO c c r u g u r i a l  c o m i - l i g u r t i t i o r . One t u f t e r —
cI t e-’ , u m ,  J u t  n ’ - g i - e r c  c i t  t h e -  a d - - r o n  c o m m a n d  s i g r e l  I r o m  the r u d d e r  i n t e g r a —
U r an~~ t e  i~ u i - e d  a s  i - i s - t r f a c c -  p o s i t i o n  r , - t e t r e - n c , -  i n  t i c  r o l l  out  g u i u i - i n ee-

n m - - c r c  - I l  C S  j e r - o \ t S  I O u  c e - i - C S  i - t O e - c e- I n o I icv k i t i - u t u a l u i u g i t  t e s t s  w i t h  the o re g . —
z e a l  i m e l - ~~~t e te -f l  ~t : I l :  h~~s the  d y m e t t ; x ~~c e t l e c t  of p r e \ - e : it u n g  ‘‘ w i n g  l i f t ’ ’ d u r i n g

t l i  c 1  ‘) i i - d H c  I c n t i e I c r o s s w i n d  C O i u c e i L u - e e i s .

A t e - t i e- r t i t l e  r e - r i - c e  ; c e -~~r~~i - i i m 1 s  Lu  t i e  r au d e - r c o n t r o l  i ec~~~iqu e u se d
t c e c i -c c~~;cg t I c u e  I m d u w m u .  I I m g i r i - l l  conf i g u r a t i o n  e m p loyed  ti s - c r f u e ‘ ‘ w a s h —
b a c k  o- cli n qu e - -  t h a t  g n - n d u i -u l l v  re m o v e d  t i - c-  rudde r s u r f a c e  ~o m m i m a n d s  es -
t i - c l) e u s h i -  ci c i  r u n g  i-i i i gn r r c e  n t .  The p re  s e n t  conf i g u r r i t t o n  re ta  ins  t h e -  r c u m d e  n
S l i T  f t  e p o s i t i o n  e s t a bl i sh e d  d u r i ng  a l igmirne nt as an u l i e - -  r:, t u n c  p o in t  r e - f e - ’  r e -n c c - -  

i m u g  t i e  r o l l — ~~ut - - n i d a n c e  mode- . Th i s  s i g m i a l u i - i c  r n h u m u ’ - s  h u h  h i -  rudde r
j e t m i t  i to  n ope r a t i ng  p o um ~t t i n e - I  t h e -  a ile  ron  s u r f a c e -  ope r a t i ng  poin t , t i r o - i g h tl 1e
r u d d c - r~~t t e - r o m i  r s s t- ed  p a th .

F t g i m t  t i - s t  ‘i. v e - c o p m m u e - m i t  of t h e -  r o l l  u - u t  c o n f i g e - i r c e t i o m i  C e L L S i c e  e m con—
i d e  a c e i r e t i r u c m e n c g  ~i - i s i s  w i t h  i l - c -  o - i - r a l l  o b j e c t i v e - -  of e s t : i i - l i s h u m e g  sy s t e m

g - ’  i T S  and  c o n t r o l  r i - i c - s to o p t i i n u u ’e PC r f o r r n a n c : c-  -

P r i m a  r -  i r e - i - - s  of i m u t e -  r e s t , in t h i s  r e g a r d , l ea ve-  c e c c u  u m e m p r o v u n g
- - t i g h t n e s s  u t  ue -~m t e  r I t r e e -  t r a t l i t m i b  and  - s t a b l i s h i n g  a r e  op t i m um co n t c r l u n e - -

d c  - s e - i r e  c h m e r a  i i -  r i s t u c  in  as . s w i l e -  re t In  a i r c - r t t t  doe s not touch  down on
- e l i T e -  r i u m e r -

I- i i c  b i l l  1l-~~~k P 1 5 1 7  LI -s

5 .4 . 1 R - r l e e r m n m i - c n c e  C r i t c r m r u

l I e -  r o l l — c , I u t  ~ i u u d a x u  e l i o ~ u e is c m c t e -  r ed  at t t - e c c } m d o w m u  and r c o m m i - e i n s
Op. - n a t i v e -  d m u r m n e g  l t e r e I m e ~ - e m e t i c  d m s c c e z m n c - c  t e e t  b y the  p i t c e t  i - i t  t l e ~ u m n p l l io n  of

the l i - i r d i m e g  g r e / i - l i  r o b i . i m e  t i k e o l l  e l F  t o u c h — i -  c u d — g o  c r i s i s , time ’ r o l l — o u t
r n - - ~, - u s  t e ’ r r e e e r i - t t e - d  at  t i . - r o t ; i t e c ’ m m  p c - u t ,

L i e  th e m u l l — o u t  g - u u e - l ; c ie c a-  r m e c , c u e -  , j e i c r e l iz e  r ue~t r m n  d ic  e C e c e - m u i e n t
e r r e r e  a r e -  z e - r e e e - d  t h r - e ~~gr  r u d d e r a c t i on  w h i l e  i - c w i m i g — l e - v e l t t i l e - i d e -  is



I t i c m T i - t I i : l ; e P t h r o u g h n e c ’ -  r e f l  c o n t r o l , S i - z i n c -  h a -  r - i c h : e - r u s u s e  as  t, i e  i e e i - t T S
:~~ r (I i - F  - t i - t u n e  I e e m l t  r i , t i c  niode- is c- f f e  e t ~ vi - oz  U’: - i t  i i i  r S p c - c -  - i t  i - i i - ~ U .  - t I a -

knot m i n i m u m  rudde r t~~l i t ’  - t i v e ness speeli . D u r i ng  l a n d in g ,  t i c  s y s te  n u  is
n o r m i a l l y  d i s c o nn e c t e d  w h e n  th is  s p e e d  is r - m i c h . - d ,

1- r um  i- c pc r f c ir h i - c  m e l  c point  of v i e w , t i e - ~I n i l  l iv  of l i c e  s ys t e--  ni to
t r e c z ~ t i , - l o c a l i zc r  - c -  ~nn unde r c t F o s s w i m e c i  conditions i s  h u e  p r u t l i ;  r y r n e - ; e s~~~re-

d i -  c - n b o r m m u t e - e e . A l h i c u t i g ie , i -f l  most ease S , t i e- ; e e r c m n e t t  w i - i l  t o u c h d u e - c .n a t  o r
C - i  t m e- r t n w a v  ce r c t e n u i n € - , c o mi s i d e - r a t i u m  mus t a is o  ‘c- g i ve n i.e t i - a  ~~ ~ t c - r t t

r r u u  c ;b o s ;u  re- cite ru - i - I c  r i s t i c s  f o r  case- s w i - e n  t o e m - h n cw n s  - re  0 i- c - i - i -  I e ee - -
C e -  i - i c  r u - a - , in t h is  r e g i - e r d , ope r a t i o r c i - e i u y  t h ~- ; r - - i c - r r - d  c h u r n  te  i i - s u e us  a

r , e t u t i u i ; 1- s un- c of th e - - ce- n t e r l l n e , -  t r a c t k u u e g  e r r o r , r a t l c - r  t h a m i  a r i - c e c d  t u r n
e mi c e t m r c -  ‘ I c i - c m i e ’ l e V e r . I l t u s  ty p . -  ci t c o ; i t r o i  c l a n -  c:t e-- c e -~~t t c  de s i r a b l e  in

U u t  it e - f i r m m i i - e a t e s  t i r e -  s cr ub b i ng  arid r e - d m a  it t e - r e d e m u c i e s  f o r  vi u g — l i f t  unde r
c r e ss%e - i - ’ i  a - t a i u t i o f l t ,

i.  g e m . -  r i - c l , t h e n , t ig ht  ti’a~~m i~~~~i- i - i -  O f- s i n e - - U  w h e n  tI e- u l r ’  r u t h
t o u c i - i , - s  uow n - - m u  t i c -  e - a - m i U - r l i m i e -  i-t UG - c gr a u ma l  closure i -t  m e - s i r ;  1, in C a s e - S
w i c  re  t i c l a - w m t  iS u t  L i - - c ce n t.-- r l i - m a -

5 ,4 , ~t t st e m  m c  n i - c e r m r e n e n c e

I e r  m r ug  1~~e -  de c e -  l opmne  nt u l  L i c e -  e-- xp~ F e e  C ntal r ol l  — o u t  g i L d , m e e c

c ( m i - i l  u g u u ; c  L i - o n s~-ste in g a i n s  i - ice d  c o n t r o l  r a t e -  ~ we r e e— sta b l i s n e  d to ob t - -  in  the-
( I c - s i r e - - i  ~:los u r -  c e tc r i - c c t e - -  r u s t i c - s wh t i e  rnainta i - ti ng r e in  t ic - c- ly t ig ht Ir a  ek i n g
cmi pa b i l i tv

i r  s en t  ce m i f L g i i r c t k o n  cx i i u u t s  the -  d - s i r e - d  ‘ g r t ~d e~ ci  i i u S U r c ’
ci i - ir ;  t e T i s L ~ e 11 i - c i t e s w h e r e  t ou c h d o w n  is off  the  ce - m c h c r l ln e  , o w e -  v c - r ,
h as -en s  i - c c  c o r e e J ~ l u s n c eI t h r e - g l -  son ee red~~c : t u c t m i  in  c e n t c - r l i n e  u r u k i i u g  e r —

f o r mn a i e t , j e t i  r h  d e l i - ,  r l y u l  dc r e - m u g e g e  condi t ic en s  w h e -  r . -  h ea din g  n r o rs  e r e
l m r e - s c r et .  in ~ e - n c e - r a l , l u - ce- e ve- n , tracking pe rformanc e has  I - c - c - m e  s a t u s l a e -  t o r y

a r all c... m d  c ) i  m t l  it  OflS c - ncounte r e-  d.

J o  u l l e - u s  t r i t e  sy st e  in pi- r for i - i -  m d c  in the re- 11 c,ut guida m e t e  muo de
a s ’ - m t i s t m i e l  h i p p r u t e c i e  h ; e s  n e - e n  u sed .  Th~ techniq ue-s u s e d  a r .  &- s s e - ntially
U - -  s a m - m e - ’  a~ - l t u r ~ m c g  t~ c n i i . - r  app z - i~ ;c c i p m e i - m i t e - S  I on  l oc :a i i /- . - r  t r i c k  and  run-
way i - t i  ig  - - r h - c  nt - . -  r io  r m a z e -  e -  e l i - e l i - c

1’ i g c e : e -  2 ~ S t o w s  ~o c t i I i / , - r dc c - e ; c t i c m m u  l l i - ( j e - m e -  m a y  d i s t r i b u t i o n  c h a r t s
t n , n  r c - ; r c - s c r e t  m e c - t c s e i r e - d  sy s t e m p e n b o r m r I i - e n c e -  ove r a p i m - \ u m n a t e l \  40 data
r - , r s ,  i i i .  da ta  p c e n i t -  S i - - c m u  i c e - r e  r e - p r e s e nt t i e- syste m p e r i e e m m n i - m n t e - -  l ev i - i s
o l ,t a i e i- ci in t t - t u n a  1 :t 1 cproaa. b i - c i~d r o l l — o u t  g u i da mcee -  ph a s e - s .  Fhe  tollowing
p o u r c t s  a re s i e c c . c .  i - c :  R u n w a y  th r e -  s l iold , t c e u c h d o w m u  — ~ second , ~000 f e e t , and

000 lCd . The  bu tte- n two  points m e r e -  m e a s u r e d  f r o r i  the r u e~w i - c y  t h r e shold.
The ’ tou -  ‘ ie -~ m e  data point v a r i e s eve r a nfl m u g . -  f r u m e e  1800 to !-i0()  i c - c t t r u m m i
t h r e -  s h c o i m i . l ’he- r u l l — e c e t  g u i d e nue m i c e t l e ’  is nonri -m a l l y c - m e t e - r e d  S c -  c-c-  r a l  S e -  conds
i- I te r tee m I i d o w n .
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4 . 3 a c u m m m u u r 1_t i m i d  C o n c i u s i o n s

Flig ht te ’ st  re su i t s  i r i  the  r o l l — o u t  gu i d a n a  e recode ha ve - m e t -  c-n tru
c c - n e -  r a l  ag r e e m e nt w i t h  pe r f o r r n a m e c e -  le vels p r e d i c te d  t i r o u g i m a n t e i n g  corn-
pute r s t u d y results .

D u r i n g  f l i g ht  t e s t , sy s t e m g a i n s  and dO l l  m m ;  r~d rate -- s cc-c - re  adj u s t e d
to o h - c  in c b - s u r c  - d p .- r io r m a n e -  e -  chi a r i - i cte r i s t u c s  . In g e - I c e  r i - i l , t h e-  Sc a dj u s t m e  nts
r~-su lt e d  ir i  gc cc al e r r o r  c l o s u r e  c h a r a c te r i s t i c s  cinde r cond i t ions  v .}a- rc i- c ,e -u ch-
d o w m m s  ~c r e -  made o f f  t i m e l o c a l u , c -  r n a - a  in c c - o t t - r u e . In the si ca se -s . sys te m
g i - e a m c s  and  c o m m a n d  ra t e - s a re -  s u ch  t ha t  g r a d u m e l  i in s u r e - -  ui  the ca-ri te n ine
e r ro r  o c e - u r s  w i t h o u t  i - i  or u p t  c - r  e x c e s s  i t e  rudde r surface motion.

( - . - m h t e  r l i m i - c -  t r ; e c e c u m e g  te as  a c - c i t  ge -n e - rally sa t i s f ac t o r y  u m clc- r ~U con—
d i -t e - - 11 .5  C ’ m e - c o u n t - r e - I ;  i t o c c - e ’  ‘cc r , it us m e l t  t ha t  f u r i h m e -— r i m p rove me nts h er c -  could

- c -  i ht :  i m i c d t I r e  e p i c u se  of h i g he r c o l i t i -- -1 loop g a in s . With the present config—
- .r a t ion , li ce- c- \ c - r , s y s t e m g a i n s  cannot ‘c - i n c r e a se - d  f u r t h e r wi thou t  causing
- x L e  ~ 5ive  r - a t d c - r  c o n t r ol .

In c on c l u s i o n , it is p r e - s -n t ly fe lt tha t  roll  out gu idance  p e r f o r m a n c e
can a- u m p r u -~- ed  u s i ng  e - s s e n t i al ly the- same conf ig u r a t i o n  throug h add itiona l
de v e l o p r m m e -  met  w o r k  iii t I c  is a r ca

- )ii rung the late r d -  ye loprne nt stages , a confi guration cha nge was
i m z i p le- me nted t i  a llow f u r t h e r o p t i m i z a tio n  of sy s t e m  p e r f o r m a n c e  but was
m d- I .-va lcj~~ted due to t ime  1imitat ~u u ,~~. In b r ie f , the s u r f a c e  command limite r
was modif ied to permit  sele ction ol the Limit value . The gene ral objective
inc- re was to provide a means to allow hi ghe r control  loop gains to he used ,
!-ut at the same time preve nt excessive rudde r displaceme nt in the cases
c e - l i - c - re- t o u c h d o w n  was  e l f  t i m e c - e- n t e r l i n e  a n d  thus  r e t a in  the g r a d u a l  e r r o r
c b s  u re  chi - c  r i - i c  t i r u s t i ’. The l imi te r would act to r e s t r i c t  the a m o u n t  of
r e c u r t e -  r d u s  p la i - c -  rue - nt I i  a r c - la t i ve iy sma l l  value and thus  l imi t  the e r r o r
e l o , u r c -  r a t e - . A d d u t u c e na l data on ro i l -ou t  guidance conf i g u r a t i o n s  is inclu-
dc -d  in  Fina l R ep o r t  A 007 , “Landing and Takeoff Rol l -Ou t Augme ntation ”.
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A P P E N DIX A

S U M M A R Y  OF DA 1A ACQUISITION A N D  ANALY SIS  -r E cHNI Qu I-~s

- The f o l l o w i ng  p a r a g r a p h s  d i s c u s s  the methods of data a c q u i s i t i o n
and  ui -eta  r e - d u e- t h e n  used to p repare  the s tat i s t i c a l  cha r t s  p r e sen t ed  in the-
v a r i o u s  sy s t e m  p e r l or m an c e  sec t ions  of th is  r e p o r t ,

Data A cqu i s i t i o rm

A to ta l  of 4 a u t o m a t i c  l an d i ng  approa c : h - s  w e r e  p e r f o n r m - c i o n
l l i - l t t e  purpos e-s at  Dulle- it A i r ~~o r t  in \‘ i r p l m u i : i  un  a Ga te --gory  II ILS lo c al iz er

u i - i n c . F i - e  ch of t h e s e -  approac la- s was  re- c- - r e - i c - u  c i tin g  a 24 c h a n n e l v i s ico r -
de r os cuiiog rup h , w h i c h  is c u r ren t l y a v a i l a b l e -  on the  t e s t  a i r c r a f t . The

a l l ow i n g  l a t e r a l  axis  p a r a m e t e r s  w e r e  r e~c or u c d :

Localiz er  De c- iot ion

D r i f t  A n g ie-

- . h i e a d u u e g  E r r o r  ( Preset  Course)

• . Roll  Attitude

A i l e r o n  Posi t ion

R udder Command

Rudde r Posit ion

R011 Command

R o l l  i - o r e - c -  Sensor

Y ace- Ic or ce  Sensor

Gr o c m n d  ~p - c - d

I n t e g r a t c - d  G r o u n d  Speed ( Dis tance  f r o m  T h r e s h o l d )

l a c e -  i - c  l i v e r ( - - t c m r e , R u n w ay  Al i g n m e n t , and Roll  Out
e u i i d m t m u c e -  Log ic

J ) u r  i - m eg c-i - c cli approach , the following data point s w e r e  ide nt i f ied
t e u r e c u p h O i t c  of c m ica  n e u m i l l y  ope rate d re- c -rde r log ic channel:  1000 , 750 ,
500 , 2 ’ .) U c 2 ( 10 , 15u , 100 , 50 , and touchdown a ltitude less one second as
wel l  a- .  n i c e-- h e y range- from threshold in 1000 foot increme nts during roll-
- a ct  g a i d - c  l i t

Datn Reduction

l i e c -  f o l l o w i ng  in f o r m a t i o n  was  tabulate d on data f o r m s  p r ep a r e d
to i - s i d  in d;i t m m r educt ion :  ( S a m p le-- data f o r m  for each  condition a r e-  shown in
Fi g u r e s  24 t h r o u g h 2 6.)

1>2 



• • . R c o me - ’.- ;,  y Location , Data Flight Nuni ebe r , l ) i - e t -  of 1- li g ht

• . . . Local i-ze r  Disp lace me nt (~ i a ) ;  Dr i f t  Ang le ( Degre- e- - s )
m e t  the 1000 , 750 , 500 , and 250 foot Altitude Points

• . .. R u n c v ;c y  A lu gn m en t : Localizer  Disp la ce me nt ( pa),
D r i f t  A n g le ( D e g r e e s) ,  Preset Course (Degrees) at
200 , l c ) O , and 50 foot  A l t i t u d e  Points

• ..  R ol l  Out : Localize r Displacement  ( ~ia) at Runway
Th r e sh o l d  and 1000 , 3000 , and 5000 foot range s f r o m
lh r t - s  hold

at  i t e  r comp l e - - t L c - l e  t a t  t t i c -  e - i i -> ta  t abu la t ion , the data for  each  of the
par - c  m i t - h e -  r s  s } u , e c ~~i - c  c e - a  eu s e d  t ee  p lot i m u s t o g r a m s  ( i . e - . , f r e quency  d i s t r i h u —
t u o n s ) .  I h ~ h> ounda r h- s of th e - -  h i s t ogr a m  cells w e r e -  set up wi th  conside r-
a~ i - O l e  La  t h e - -  c c c i -  r a i l  rt m e p c -  of t h e -  p a r i - c t m m e t c  r s  , t h e  m ag n i t u d e , and the a c c u —
ra c:v I i -  m e a s u r e  new mi t .  in the c a s e - -  eel the -  uoc a l i i ’-e r de viation char t s , c o n —
s e d t -  r a t i o n  c e - i - i s  a l so  g i c-e n to cur  r e i t i t i o n  of the data wi th  visua l obse rva t ions
n r e ; e d e - t i m  o c m g h ~i i t e -  ( c i -  o c k p i t  i n s t rumentation. Since the H o r i z o n t a l  S i tua t ion
i m di t u t o r  ( H SI)  r ake - i oca iu t -’ e - r  d ev ia t ion  bar  is commonly used to moni to r  in-

b e - p t p e r f o r m a n ce , i -jc s c a b -  w a s  chosen that co r r e sponds  to the uni t  of
m e a s u re ment  used on tha t ind ica to r  ( i . e .  , 1 b a r - w i d t h  = 15 i-ia displaceme nt
c - r r r )

In pre p ar  i -n p  the localize r displace me rit keistograms , absolute
t i - c  1 c e - s  ce- c- re u s e d  cc i t h o u t  regard to direction (left , ri ght) of the disp lace ment
e r r e - r ‘~~.

I k ~. m u u m m i,e r of s amples in each c a s t -  us a p p r o x i m a t e ly 40. T h u s
r i - a m t e , e  r i - i  I - m e - - s s l i g htl y i i - t w een  e - - a ch  l e i s t o g r am , s ince  in some cases m i n o r
r e -  no r u i n g  d i m  i - c  c u l t i e  s occu r red .  Be cause of these  problems on ce rta in  runs ,
s o r r a -  cci the  d t c t t i  po in t s  could not be ob ta ined.

In .‘ e - n i e r a l , t h e e - -  data shown should  be i n t e rp re t ed  as i l lus t ra t ive
r i - t t h e e ’r t h a n  d c - I u n i t i v -  of sy st e m  p e r f o r m a n c e  le vels , be- cause of the r e l a t i ve ly
s m al l  s a m ple s u i t - . A l a r ger  s amp le would ha ve- been  des i rable , howeve r ,
t h us  was  not po~~sib1e- b e c a u s e  of s chedul ing limitatio ns.

F r o m i e  the -  i - e m s t o g r a r n s , in  cases w h e r e -  the d i s t r i b u t i o n s  appe mu r ed
to ne- c p p r e ) x i l e u i - - m t e - l y Gaus s ian , the mean  a mid s t a n d a r d  de viation w e r e  c a l c u —
[ m i t e  d using s t a nd a r d  s t i - e t m s t i  i - i l  t e c h n i q u e s .  The fo l lowing fo rmula s w e r e
- m s e - d f o r  thee - - se  c i i  e m l a t c e - e m u s .

Mt-an:  
= ~~ x i- 1 1

n 11
r
xi



Whe re : X is the mean .

X j is the class mark .

f is the frequency .

n is the number of samples .

Standard Deviation:

= 
~~~~~~~~~~~~~~ 

i/z
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